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Foreword

Climate change will affect fishery resources and challenge managers to develop
sustainable exploitation strategies. Knowledge of the effects of climate on fisheiy
resources is still fragmentary. This report presents an overview of the literature on
the impact of climate change and variability on fish and shellfish populations in the
Northeast Atlantic and the Mediterranean and Black seas, with a focus on the
processes that govern the response of fish and shellfish to climate change. The work
was part of a research project carried out by nine European research institutes and
funded by the Sixth Framework Programme (FP6) of the European Union
(RECLAIM, Contract 044133) and the national programmes. Results have been used
in various ICES working groups and study groups and are now collated in this ICES
Cooperative Research Report, which is structured in five parts.

Part 1 comprises five sections on general issues:
i) introduction to the report, including a conceptual framework for the
study of climate effects on fish (Section 1);

ii) classification system (ecotypology) and species list of Northeast Atlantic
fish species (Section 2);

iii ) ecophysiology of fish (Section 3);
iv ) discussion of the uncertainties in biophysical modelling (Section 4);

V) review of approaches to disentangle the effect of climate change from the
other anthropogenic effects (such as fishing and eutrophication
(Section 5).

Part 2 comprises five sections:

i) observed variation in ocean climate and biota: ocean climate and the

IPCC forecast on climate change (Section 6);

ii) phytoplankton and Zooplankton (Section 7);

iii) ecosystem functioning in the Northeast Atlantic (Section 8);

iv) ecosystem functioning in the Mediterranean and Black seas (Section 9);

V) review of changes in the distribution of fish (Section 10).
Part 3 comprises sections on eleven fish and two shellfish species that represent
different commercially important resources, ecosystem components (pelagics,
demersals), and different trophic roles ("wasp-waist", apex predators) within
Northeast Atlantic ecosystems (Sections 11-23). The aim of the individual sections is

to evaluate the effect of climate on individual species that integrate the effects on
different life-history stages.

Part 4 summarizes the key findings and formulates hypotheses for future research
(Section 24).

Part 5 comprises four annexes comprising species lists and ecotypological data for
fish species in the North Sea, the Baltic, and the Irish Sea, and European seas (eastern
North Atlantic).



1.1

Resolving climate impacts on fish stocks

General introduction and conceptual framework

Adriaan D. Rijnsdorp

Introduction

Evidence is accumulating that the increase in CO: is affecting the global climate, with
far-reaching implications for biological processes and ecosystem services (IPCC,
2001). Marine capture fisheries yield ca. 85 million tonnes year-l and provide an
economic basis for many communities, with a total value of US$50 billion. The
sustainability of the fisheries is being jeopardized by overfishing (Pauly et ah, 1998;
Jackson et ah, 2001; Jorgensen et ah, 2007), but climate change may also affect the
productivity of fishery resources (Brander, 2005; Harley et ah, 2006; Lehodey et ah,
2006).

The general concern about global warming and its effects has triggered a rapidly
increasing body of scientific literature, in which ecological time-series are correlated
with environmental indicators (Drinkwater, 2005; Weijerman et ah, 2005; Brunei and
Boucher, 2007). Recent studies suggest that there is evidence for a northward shift in
the distributional range of fish species (Quéro e ah, 1998; Hiscock e ah, 2001; Beare et
ah, 2004; Perry et ah, 2005) and changes in the productivity of commercially exploited
stocks (O'Brien et ak, 2000; Brander, 2005), but the mechanisms underlying these
changes remain uncertain. Hence, it is largely unknown whether the observed
distributional shifts are caused by a relocation of the spawning and feeding grounds,
a change in the local survival of fish, or immigration into new habitats.

The study of the effect of climate change on fish populations is complicated, because
climate change will affect a multitude of environmental factors that may impact
various biological processes at different levels of organization. Even if the effect of an
environmental factor, for instance on the physiology of an organism, is known, it will
be difficult to evaluate the contribution at the population or ecosystem level
(MacKenzie and Koster, 2004). Likewise, in the case of a northward shift in
distribution of a species that matches an increase in temperature, it is difficult to
establish a causal relationship because the change may be caused equally by fishing
activities (Daan et ah, 2005; Daan, 2006).

There are several approaches to the study of the effect of climate change on fish
populations and the development of a basis for scenario studies. Statistical analysis of
available time-series can reveal changes in distribution and abundance of fish species
that correlate with environmental variables (Murawski, 1993; Beaugrand, 2003;
Koster et ah, 2005; Weijerman et ah, 2005). Process-oriented field studies can address
specific working hypotheses using dedicated field-sampling programmes.
Experimental analysis can reveal the response of organisms to environmental factors,
which can then be used to interpret the response in the ecosystem (Pdrtner and
Knust, 2007). Finally, modelling studies can be used to explore the biological or
ecological response to the climate-induced changes in environmental factors (Portner
et ah, 2001; Drinkwater, 2005; Gallego ef ah, 2007). A special branch of the latter is the
temperature-envelope approach, in which the effect of climate change on the
distribution of suitable habitat is studied (Drinkwater, 2005; Cheung et ah, 2009).

Global concern may lead to a bias in reports that demonstrate significant correlations
between ecological processes and climate indicators. Therefore, to assess the potential
impact of climate change on the productivity and distribution of fishery resources, a
bottom-up approach, based on first principles, should be adopted. In this study, we
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1.2

develop a conceptual framework to generate (quantitative) hypotheses about the
responses of fish and shellfish populations to climate change/variability (Figure 1.1).
Abiotic factors that are expected to be affected most by climate change and available
biophysical models are reviewed. The climate effects are then assessed on the level of
biotic factors (lower trophic levels), the physiology of the species, the level of
population dynamics, and the level of ecosystem dynamics.

It is noted that fish and shellfish have complicated life cycles. Successive life-history
stages (eggs, larvae, juveniles, and adults) increase in individual size by a factor of up
to 105 have specific habitat requirements, live in separate habitats, and occupy
different trophic levels. This implies that climate change may affect fish populations
differently at the various life-history stages. For a full understanding of the possible
effects, it is of paramount importance to follow an integrated approach, comprising
all life-history stages and the connectivity between successive habitats. This
framework can be used to formulate research questions and working hypotheses on
the effects of climate change on population abundance and distribution.

climate

(4) biophysical abiotic factors
iophysica

modeling

(3) connectivity

ecophysiology Ecotypology
biotic factors
(lower trophic levels)
larv juv adult 9,10)
populations fishing
(stocks) exploitation

ecosystem
impacts

Figure 1.1. Conceptual framework for the study of climate effects on fish and shellfish
populations. The numbers refer to individual sections. The box outlined in red dashes includes
elements reviewed in the sections on individual species.

Ecotypology

Climate models indicate that the impact of climate change will differ between
geographic areas. The impact will also differ between fish species. Species inhabiting
areas most affected by climate change are likely to be more affected. Further, species
with narrow habitat requirements or low dispersal will be more sensitive to climate
change, whereas species with wide tolerance ranges or high dispersal capabilities will
be less sensitive. Reproductive rate, growth rate, and longevity will affect the speed
with which a species may respond to climate change. Based on these criteria,
ecotypes can be defined as groups of species that share relevant ecological
characteristics, such as biogeographic affinities, feeding guild, reproductive mode,
and habitat preferences. These ecotypes may then be used as a basis to extrapolate the
findings from case studies of particular species of fish to other fish species of the
same ecotype. It is recognized that the ecotypology concept is flexible and needs to be
defined in each study, based on the specific research question. The annexes in Part 5
present this ecotype concept and include lists of all fish species recorded in the North
Sea, the Baltic, and the Irish Sea, as well as a list for the Northeast Atlantic as a whole,
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Resolving climate impacts on fish stocks

with information on their biogeographic affinity, reproductive mode, habitat, feeding
guild, trophic level, and maximum body size that can be used to classify ecotypes.

Ecophysiology

Key factors affecting the physiology of marine organisms are temperature, salinity,
oxygen, and pH. Organisms can only survive within a certain range of environmental
conditions (tolerance range). Temperature determines the rate of physiological
processes. Salinity affects the energy cost of osmoregulation, may influence the
buoyancy of pelagic stages, and plays a role in the motility of spermatozoa of
organisms with external fertilization. Acidification affects the building of external
skeletons by organisms such as corals and some plankton (Orr et al., 2005), but is
probably less important in fish.

The ecophysiological framework of Fry (1971) offers a powerful approach to the
classification of abiotic factors and their effect on the physiology of an organism.
Tolerance ranges will differ among species because of local adaptation, but within
species, tolerance ranges may also differ between life-history stages. Fish may
increase their tolerance range by acclimation to specific environmental conditions
(Portner et al., 2005). As an example, bigeye tuna (Thunnus obesus) may regulate body
temperature in order to allow hunting in cool waters below the thermocline (Holland
et al., 1992). Another route to increased plasticity is through behaviour. Species may
optimize their ambient temperature environment by short-term migrations between
warm- and cold-water bodies.

There is some evidence that early life-history stages, such as eggs and larvae, have
narrower tolerance ranges than juveniles or adults (Irvin, 1974), and that the
optimum temperature decreases with body size (Imsland ef al., 1996; Lafrance et al.,
2005). In Section 3, the ecophysiological concepts are presented, and the literature on
fish is reviewed, with particular focus on the effect of increasing temperature.

Modelling tools

If the habitat requirements of a fish species are known and information is available on
the changes in habitat expected as a result of climate change, habitat models may
provide a first approach to the exploration of the possible consequences of climate
change on the distribution of fish (Drinkwater, 2005; Cheung et al., 2009).

Biophysical models are a powerful tool in the study of the effects of physical
processes and climate change on ecological processes. In Section 4, the biophysical
models reviewed have been developed for areas in the North Atlantic using different
approaches and applying different levels of complexity. For the purpose of our study,
spatially resolved models of the hydrodynamics of the Northeast Atlantic are needed
that can capture the key processes affecting ecological processes
(nutrients—phytoplankton-zooplankton—detritus, or NPZD).

Because fish populations are affected by a number of environmental drivers, it can be
difficult to interpret observed changes in population in terms of response to climate
change or variability. Section 5 presents approaches to disentangle the response to
climate from responses to other anthropogenic activities.

Climate variability and climate change

Historically, climate has varied on decadal and multidecadal time-scales. On a
geological time-scale, large changes in climate have occurred, for example, between
the glacial and interglacial eras. Decadal-scale oscillations in the pressure fields over
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the North Atlantic (North Atlantic Oscillation (NAO): Hurrell, 1995), the South
Pacific (El Nifio Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO):
Bond and Harrison, 2000) have major impacts on fish populations and ecosystem
functioning (Francis et al., 1998). Recently, multidecadal variations (e.g. Atlantic
Multidecadal Oscillation (AMO)) have been reported in ecosystem properties
(Chavez et al., 2003; Johannessen et al., 2004; Sutton and Hodson, 2005).

Global warming will affect a multitude of atmospheric and oceanographic processes
(IPCC, 2001, 2007). The most important changes in ocean climate that may affect fish
populations are increasing temperature, melting of sea ice, changes in ocean
circulation, increase in storm surges, changes in precipitation and evaporation,
changes in river run-off, and acidification. Climate-induced changes in cloud cover
may influence the UV-B radiation that can affect organisms living in intertidal
habitats or in the upper layers of the ocean.

Models play an indispensable role in climate research, and various scenarios of
climate change have been developed (IPCC, 2001, 2007). Climate models indicate that
changes will differ on a regional scale and will be greatest at high latitudes. In
northern European seas, daily ocean monitoring since the 1860s demonstrates that
summer temperatures since 1985 increased at nearly triple the global warming rate
(Enghoff et al., 2007). A review of the climate variability of the various ecosystems in
the North Atlantic and the Mediterranean and Black seas is given in Section 6.

Lower trophic levels

Primary and secondary production is highly variable in space and time, although
typical seasonal patterns occur that are related to the balance between daylength,
radiation, availability of nutrients, and temperature. Climate change will affect
primary production through the effect on the availability of nutrients caused, for
instance, by upwelling or stratification depth. Phytoplankton species composition
and, hence, trophic processes are affected by the ratio in which different nutrients are
available (Philippart et al., 2000) and by temperature regime (Hare et al., 2007).
Temperature will positively influence growth rate. It has been demonstrated that sea-
surface warming in the Northeast Atlantic is accompanied by increasing
phytoplankton abundance in cooler regions and decreasing phytoplankton
abundance in warmer regions. Increased CO: levels in the atmosphere will lead to
higher CO: levels in the ocean, which may promote primary production (Schipper et
al., 2004). These changes will propagate up the foodweb to copepod herbivores and
zooplankton carnivores (Richardson and Schoeman, 2004). Changes in temperature
conditions and ocean currents will also directly affect zooplankton production and
species composition, as illustrated by the shift in dominance of Calanus finmarchicus to
C. helgolandicus in the Northeast Atlantic (Beaugrand et al., 2002). Higher CO:2 levels
and the resulting reduction in pH may negatively affect organisms, particularly those
that build calcareous skeletons, such as corals and coccolithophores (Riebesell et al.,
2000). A review of the impact of climate change on primary and secondary
production in the North Atlantic is given in Section 7.

Population dynamics

Like other animal populations, marine fish and shellfish populations are believed to
be regulated by density-dependent processes that may be related to increased
mortality at high density, caused by predation, starvation, or reduced reproduction
(Rothschild, 1986; Lorenzen and Enberg, 2002). Density-independent processes,



Resolving climate impacts on fish stocks

particularly during early life stages, induce random variations in survival and give
rise to wide fluctuations in recruitment.

Fish species are characterized by a complex life cycle comprising the egg, larval,
juvenile, and adult stages, during which they increase in size over several orders of
magnitude (Rothschild, 1986). The increase in body size coincides with an increase in
trophic position (Jennings et al., 2002a) and has further important implications for the
spatial dynamics and the risk of predation or starvation. The various life-history
stages have different habitat requirements and may be spatially segregated; for
example, in many demersal species, the eggs and larvae occupy a pelagic habitat
whereas the juveniles and adults occupy a benthic habitat. In several fish species, the
juvenile and adult stages may live in different habitats, as the early demersal stages
settle in restricted nursery grounds (Gibson, 1994). Also, in pelagic fish, juveniles and
adults tend to be spatially separated. A population can only survive if the life cycle
can be closed successfully (Sindlair, 1988); hence, it is not only the survival through
the successive life-history stages that is important, but also the connectivity between
life-history habitats. For pelagic species such as herring (Clupea harengus) and for
demersal species spawning on banks, the retention of eggs and larvae is a dominant
feature (lles, 1984; Sinclair, 1988; Smith and Morse, 1985), whereas, for flatfish, the
nursery grounds appear to be crucially important (Rijnsdorp et al., 1992; Gibson, 1994;
van der Veer ef al., 2000). Survival of early life-history stages depends on the timing
of spawning in relation to the peak of larval food abundance (Cushing, 1990; Pope et
al., 1994; Platt et al., 2003).

Habitat connectivity is determined by the transport of early life-history stages (eggs
and/or larvae) from spawning to nursery areas and the successful completion of the
migration cycle of adult fish between spawning and feeding habitats (Harden Jones,
1968). The pelagic egg and larval stage of marine fish species deserves special
attention, because of their limited capabilities to actively select an appropriate
habitat. Spawning, therefore, occurs in areas characterized by specific hydrographic
conditions that are expected to retain the early pelagic stages and, moreover, are close
enough to suitable nursery areas for the juveniles (Sinclair, 1988). Larval transport is
generally passive, although larvae may influence their transport through active
vertical migrations. In coastal waters, fish larvae may migrate to nursery grounds
using selective tidal-stream transport (Boehlert and Mundy, 1988; Rijnsdorp et al.,
1985).

A consequence of the complex life cycle of fish species is that population abundance
may be determined by the availability of suitable habitat for one (or more) specific
life-history stages. As the life cycle is embedded in a specific landscape, the life stage
most critical in determining overall population abundance may differ between
populations. The abundance of herring populations appears to be determined by the
size of larval retention areas (Sinclair, 1988). In Atlantic cod (Gadus morhua),
population abundance in the Baltic is determined by available spawning habitat
affecting the survival of eggs (Sparholt, 1996; MacKenzie et al., 2000). It is not known
whether or not this bottleneck also applies to other cod stocks that spawn in more
stable oceanic conditions. Flatfish abundance, across both species and populations of
the same species, appears to be related to available nursery habitat (Rijnsdorp et al.,
1992; Gibson, 1994; Le Pape et al., 2003).

Fishing is known to have a major effect on the abundance of fish populations. Fishing
acts as a top—down control that increases the mortality of fish above the retention
size, reducing the biomass and the age and size structure of the population, which



ICES Cooperative Research Report No. 301

1.8

may lead to increased variability of population abundance (Anderson et al., 2008).
This may make populations more sensitive to the effects of climate change, and there
is evidence of such increased sensitivity in the commercially important northeastern
Arctic cod stock (Ottersen et al., 2006).

Based on the population dynamic considerations above, climate change is expected to
have the greatest impact on the following: (i) size and location of suitable habitat; (ii)
retention of eggs and larvae; (iii) match in timing of the fish larvae and their food; (iv)
connectivity between habitats of successive life stages; (v) growth; and (vi) predation
mortality. As life-history stages require different habitats, the key processes in
population regulation will be species- and area-specific, because the complex life
cycle is embedded in a specific geographic landscape.

Climate change will undoubtedly affect the quality of suitable spawning and nursery
areas. If the (eco-)physiological characteristics of the successive life-history stages are
known, the envelopes of suitable abiotic conditions can be derived to overlay habitat
suitability maps of successive life stages as a basis for estimating climate effects.
Whether or not an area is suitable for spawning depends on the retention of eggs and
larvae, as well as on the timing of egg production in relation to production of larval
food. Climate change may affect the occurrence and stability of retention areas
through its effect on ocean currents and the strength and frequency of storm surges.
An increase in temperature may affect the probability of a mismatch between the
production of larval fish and the production of the food that they require, if there is a
difference between the temperature responses of the two. In addition, the survival of
fish larvae may be affected by a climate-induced change in the timing of stratification.

The connectivity between habitats may be influenced by changes in ocean currents,
melting of sea ice, and changes in river-discharge patterns. In particular, the impact
on egg and larval transport is expected to be more marked than that on migration
cycles of adult fish. Climate may influence growth rate, either directly, by affecting
physiological rates, or indirectly, by affecting food availability. Finally, climate
change may affect the timing of predators, disease agents, and competitors. For
instance, temperature affects the timing of the migration cycle of brown shrimp
(Crangon crangon) in coastal waters. After a cold winter, the return migration to
shallow estuarine waters is delayed, lowering the predation mortality rate on shrimp
by 0-group plaice (Pleuronectes platessa).

Changes in the distribution of fish species are reviewed in Section 10. A review of the
impact of climate on a selection of commercially important species is presented in
Sections 11-23.

Ecosystem dynamics

Marine ecosystems are generally considered to be regulated by bottom—up processes
(Aebischer et al., 1990; Ware and Thomson, 2005), although it was recently suggested
that this generalization needs modification, because latitude, species diversity, and
exploitation rate also play a role (Frank ef al., 2007). In high-latitude ecosystems,
which are generally species-poor, and in intensively exploited systems, top—down
control appears to predominate (Worm and Myers, 2003; Frank ef al., 2005). The effect
of climate change on ecosystem dynamics will differ between bottom—up and top-
down regulated systems. In bottom-up regulated systems, the production and
distribution of fish and shellfish will be affected by climate-induced changes in
primary and secondary production. In top—down regulated systems, the indirect
effect will be through the climate effect on predators. Ecosystem regulation may
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change from bottom—up to top—down, and vice versa, in response to changes in the
environment (Hunt et al., 2002).

Size structure is an important property of marine ecosystems, affecting ecosystem
processes, such as the transfer of energy through the foodweb. Physiological
efficiencies and predator—prey relationships are strongly size dependent. The fact
that climate change may change the size structure of phytoplankton and zooplankton
populations may have important implications for the survival chances of fish larvae.
Another property of ecosystems affected by climate change is the production cycle,
which may result in the match or mismatch between the production cycles of fish
larvae and their food. Seasonality also affects the availability of food for early juvenile
and later stages. Food shortages occur in certain seasons, and fish build up energy
reserves to survive these periods. Temperature, if it affects the timing and duration of
these periods, will also affect growth rates and survival probabilities. As many
ecological relationships are non-linear, climate-induced changes in these
relationships may result in changes in alternative stable states, known as “regime
shifts”. Ecosystems characterized by low species diversity and top—down control
may be more sensitive to regime shifts.

A review of the impact of climate on the structure and functioning of ecosystems is
presented in Section 8. Section 9 comprises a review of the changes in the ecosystems
of the Mediterranean and Black seas.

Discussion and conclusions

Environmental modifications caused by climate change are expected to result in
evolutionary alterations in traits under selection. In the realm of terrestrial ecology,
climate-induced evolutionary changes have been reported (Parmesan, 2006;
Bradshaw and Holzapfel, 2001). In the marine realm, evolutionary changes are
currently being heatedly debated in the context of fisheries, because of accumulating
evidence that fishing may lead to genetic changes over decadal time-scales
corresponding to a few generations (Law, 2000; Conover and Munch, 2002; Jergensen
et al., 2007). Key questions for further research in the domain of ecophysiology,
population dynamics, ecosystem dynamics, and evolutionary dynamics are listed in
Table 1.1.

In the study of the impact of climate change on the productivity and distribution of
fish populations, a variety of complementary modelling approaches will be needed.
These models will allow the exploration of system dynamics in dependence of model
assumptions and allow the interpretation of the role of processes underlying changes
in empirical datasets. Three classes of models will be of particular importance.

i) Using ecophysiological characteristics as a basis, habitat—envelope
models can be developed that predict the envelope of suitable
environmental conditions. Combined with spatially resolved physical
models, these can be used to construct habitat suitability maps for
successive life-history stages. A problem yet to be solved is how to
estimate the connectivity of habitats based on the transport of eggs and
larvae and the migration cycles of adult fish. These models can be used to
evaluate the implications of climate-change scenarios on habitat
suitability and the possibility of life-cycle closure. In a next step, the
abiotic habitat suitability models can be extended to include biotic
variables, such as food and predators. The predictive power of this
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approach will depend on the role of top—down or bottom-up processes
operating in the area of interest.

ii) Three-dimensional biophysical models will be useful for exploring the
impact of climate change on primary and secondary production. One of
the major challenges will be to extend these models to include benthic

productivity.

iii) Population dynamics models comprising successive life-history stages, in
relation to food and predators, will be important for exploring the
interaction between climate change and exploitation.

Table 1.1. Key questions to address in future research.

Ecophysiology

Population dynamics

Ecosystem dynamics

Evolutionary dynamics

Are there general patterns in the response to temperature (and other
environmental variables) among organisms in relation to their
biogeographic affinity?

Are there differences in the responses to temperature of bacteria,
phytoplankton, zooplankton, fish, and shellfish?

Are some life-history stages more sensitive to climate change than
others?

Are species with narrow habitat requirements more sensitive to
climate change than species with broad habitat requirements?

Is the response to climate change affected by longevity and intrinsic
population growth rate?

How do fisheries affect the sensitivity of populations to climate
change?

Are ecosystems that are controlled by top—down processes more
sensitive to climate change than ecosystems controlled by bottom—
up processes?

Do the physiological relationships with temperature observed
among species and size classes have a predictable effect on their role
in the ecosystem?

How quickly can species adapt to changes in environmental
variables, particularly temperature?

How does the evolutionary response of species interact with
ecosystem dynamics?
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Ecotypes
Jim R. Ellis, Georg H. Engelhard, and John K. Pinnegar

Introduction

Cushing and Dickson (1976) suggested that the biological response to climate change
would involve the appearance of new '"indicator" species and new (resident)
populations, as well as increases/decreases in fish stocks and more fundamental
structural changes in the ecosystem and fish assemblage. The scientific community
has seen an increased interest in the reporting of new distribution records and range
extensions of marine fish (e.g. Arvedlund, 2009), although it is often argued that it is
inappropriate to use records of such "vagrants" to examine climatic effects. For
example, the reporting of such finds can depend on how proactive fishers or fish
biologists are in collecting material and collating records, and this will be highly
variable, both spatially and temporally. Hence, most studies examining the impacts
of climatic factors (e.g. water temperature or the NAO index) on fish have examined
particular fish species that are relatively common (see Sections 11-23). However, it
will also be necessary to examine whether or not there are such climate-induced
changes in the wider fish assemblage.

Predicting the potential effects of climate change on fish assemblages (including their
structure, diversity, and function) can be complicated, because there will probably be
wide differences in the responses of the various species in a fish fauna to climate
change. Such understanding may, however, be facilitated by classifying the many fish
species into a smaller set of "ecotypes", that is, groups of species that demonstrate
similarities in particular biological characteristics and, therefore, may respond in
similar ways to environmental change. Several aspects of fish life histoiy and
demography can be used to establish the range of ecotypes that may be considered
within the overall fish community of an area, including biogeographic affinity,
reproductive mode, body size, trophic niche, and habitat. This section summarizes
these aspects and how they can be applied to European fish, with more detail for
North Sea and Irish Sea fish. Although there have been several multispecies studies
incorporating aspects of the biogeography of European fish (e.g. Yang, 1982a; Perry et
ah, 2005), they can vaiy in their allocation of fish to biogeographic groups. Hence,
there is a need for an agreed and standardized approach to the allocation of fish, for
example, to biogeographic or trophic guilds.

There are many taxonomic accounts covering the fish of northwest Europe, including
the works of early ichthyologists, such as Yarrell (1836), Couch (1864), Day (1880-
1884), Moreau (1881-1891), Jenkins (1925), Lozano Rey (1928, 1947, 1952a, 1952b,
1960), Nobre (1935), Redeke (1941), Poll (1947), Tortonese (1956, 1970, 1975), and
Wheeler (1969, 1978, 1992). More recent accounts include Bauchot and Pras (1980),
Whitehead er al. (1984-1986), Lythgoe and Lythgoe (1991), Muus et al. (1998), Quéro
et al. (2003), and Louisy (2006), while some of the more widely occurring Atlantic fish

species are included in Carpenter (2002).

In terms of the North Sea (ICES Subarea IV), the fish fauna has been studied for more
than 100 years, and accounts range from the early report by Garstang (1905) and
regional and national overviews of the fish fauna (e.g. Redeke, 1941; Poll, 1947) to the
more contemporary studies of Yang (1982a, 1982b, 1982c), Daan et al. (1990), Knijn et
al. (1993), Greenstreet and Hall (1996), Rice and Gislason (1996), Rogers et al. (1998a,
1998b), Greenstreet et al. (1999), Jennings et al. (1999a, 2001b, 2002a), and Callaway et



ICES Cooperative Research Report No. 301

al. (2002). Yang (1982b) recorded 224 species, which he classified as either dominant
(18 species), abundant (8 species), moderately abundant (16 species), frequent (31
species), rare (92 species), or vagrants (59 species). From a biogeographic standpoint,
Yang (1982a) classified North Sea fish as northern Boreal (66 species), southern
Lusitanian (110 species), and Atlantic (48 species). Since Yang (1982a), several
additional species of fish have been reported from the North Sea, including white
pomfret (Pampus argenteus; Davis and Wheeler, 1985) and pelagic stingray
(Pteroplatytrygon violacea; Ellis, 2007). In total, approximately 250 marine fish species
have been recorded (or may be present) in the wider North Sea areca (Yang 1982a,
1982b; Fricke, 1999; Cari et al, 2004; ICES, 2004d; Table 1 in Wheeler et al, 2004). It
should be recognized that many of these are southern, northern, or oceanic vagrants.
A taxonomic list of North Sea fish species and associated ecotypes is provided in
Annex 1. Table 2.1 provides examples of the ecotypes of some North Sea fish.

Several of the marine fish recorded from the North Sea have also been reported from
the Baltic Sea, Skagerrak, and Kattegat, although the fully marine species tend to be
restricted to the western parts of this region, with more euryhaline species extending
farther into the Baltic Sea. Additionally, parts of the Baltic Sea have fish communities
that include freshwater and brackish-water species. A list of Baltic Sea fish species
with their associated ecotypes is provided in Annex 2.

The fish of the Irish Sea (ICES Division Vila) have been studied less than those in the
North Sea (see Ellis et al, 2002, for an overview), although there has been a long
history of ichthyological studies (e.g. Herdman and Dawson, 1902; Nash, 1990). The

ichthyofauna of this area and the ecotypes of the fish are summarized in Annex 3.

Although other parts of the Celtic Sea ecoregion and the Biscay-Iberian ecoregions
have been subject to detailed ichthyological studies, the proximity of these areas to
the wider Atlantic (including the continental slope and deep water) means that
detailed regional inventories of the ichthyofauna are more problematic to compile.
The taxonomic list of European marine fish species provided in Annex 4 is adapted
from the European Register of Marine Species (Costello ez al, 2001; with revisions by
Costello ef al, 2004) and includes preliminary information on the ecotypes.

Given that these lists contain many deep-water and oceanic species, and other taxa
whose taxonomy and biology are poorly known, these ecotypes should be considered
preliminary and, as such, may be subject to modification during the course of the
RECLAIM project and in future studies. In terms of how a fish species may respond
to changing environmental conditions (e.g. climate) and/or human impacts (e.g.
overfishing), other aspects of fish ecology (e.g. generation times, location and
utilization of nursery grounds) are also important, but because such information is
not accurately known for many European fish, these have not been included.
Nevertheless, analyses targeted at more specific regions and fish assemblages can
usefully incorporate such information.

Table 2.1. Examples of ecotypes of North Sea fish.

(A) Atlantic species

PISCIVORES: THRESHER SHARK, SWORDFISH

Oceanic Epipelagic Planktivores: Saurey pike, sunfish
(occasional or

o Scavenger: pilotfish
periodic vagrants)

Mesopelagic Piscivores: Deal fish, Ray’s bream
Planktivores: oarfish, louver
Slope Bathydemersal Large piscivores: six-gill shark, kitefin shark

Large benthivores: rabbitfish
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PISCIVORES: THRESHER SHARK, SWORDFISH
Benthopelagic Piscivores: black scabbardfish

Planktivore: blue whiting

Bathypelagic Planktivore: pearlside
Shelf Demersal Scavenger: hagfish

Benthopelagic Benthivore: pufferfish

Pelagic Planktivore: basking shark

Piscivores: porbeagle, mackerel

Coastal Demersal Bentho-piscivore: European eel

(B) Boreal species

BENTHIVORES: SAILFIN RAY, ROUND SKATE
Slope Demersal Piscivores: Norwegian skate, ling, halibut
Benthopelagic Piscivore: Greenland shark
Planktivore: greater argentine
Pelagic Plankto-piscivore: redfish
Shelf Demersal Piscivores: starry ray, saithe
Ectoparasite: sea lamprey
Bentho-piscivores: bullrout, long-rough dab
Benthivores: haddock, pogge, Norwegian goby, witch
Reef-associated Benthivores: Guillet’s goby, diminutive goby
Benthopelagic Piscivore: spurdog
Bentho-piscivores: Norway pout, lumpsucker
Plankto-piscivore: jellycat
Planktivores: herring, lesser sandeel
Pelagic Piscivore: sea trout
Planktivore (vagrant): capelin
Coastal Demersal Piscivore/ectoparasite: river lamprey
Benthivore: three-spined stickleback
Planktivore: whitefish
(Bentho) Pelagic Piscivore: char

Benthivore: smelt

(C) Lusitanian species

PISCIVORE: LONG-NOSE SKATE
Slope Demersal Bentho-piscivore: black-mouth dogfish
Planktivore: boarfish
Pelagic Planktivore: silvery pout
Shelf Demersal Piscivores: angel shark, cuckoo ray, whiting, turbot
Bentho-piscivores: thornback ray, greater forkbeard, lesser weeverfish
Benthivores: smoothhounds, grey gurnard, dragonets, plaice, sole
Reef-associated Piscivores: greater spotted dogfish, conger eel
Benthivores: tompot blenny, triggerfish
Benthopelagic Piscivores: tope, John dory, bass
Benthivore: eagle ray
Planktivore: lesser argentine
Herbivore: saupe
Pelagic Piscivores: garfish, horse mackerel
Planktivores: sprat, shads, crystal goby
Coastal Demersal Benthivores: rock goby, flounder
Planktivores: sea-horse, greater pipefish
Reef-associated Piscivore: moray eel
Bentho-piscivore: cuckoo wrasse
Benthivore: ballan wrasse
(Bentho) Pelagic Benthivore: sand smelt
Omnivore: bogue

Detritivores: grey mullets



ICES Cooperative Research Report No. 301

2.2

Biogeographic affinity

There have been several reviews of the biogeography (or zoogeography) of various
marine taxa, including the works of Ekman (1953), Briggs (1974), and Longhurst
(1998), and these and other works have been reviewed recently by Dinter (2001).
Early marine zoologists, such as Edward Forbes, identified four major provinces:
Arctic, Boreal, Celtic, and Lusitanian (western Iberian). Some later scientists reduced
these provinces to three by combining the Boreal and Celtic provinces into the
“Eastern Atlantic Boreal Region” (Dinter, 2001). In contrast, others made further
subdivisions, identifying Arcticc, Boreal-Arctic Boreal, Boreal-Lusitanian,
Lusitanian—Boreal, and Lusitanian biogeographic zones (e.g. Hiscock, 1998).
Although such delineation is appropriate to fish assemblages on the continental shelf,
such provinces may be less appropriate to individual species, because the
Boreal-Lusitanian and Lusitanian—Boreal provinces are essentially based on varying
proportions of species of Lusitanian and Boreal affinities.

With regard to North and Irish Sea fish, we have followed Yang's (1982a) three
biogeographic categories: Boreal, Lusitanian, and Atlantic (see below). We differ from
Yang (1982a) in considering the spurdog (Squalus acanthias) and roundhead rattail
(Coryphaenoides rupestris) to be Boreal (not Atlantic) species, and the pollack
(Pollachius pollachius) and Norwegian goby (Pomatoschistus norvegicus) to be Boreal
(not Lusitanian) species. For a wider analysis of European fish, further biogeographic
categories are required for Arcticc Mediterranean, Black Sea, Macaronesian, and
African species.

It should be noted that the biogeographic affinities used in the present study are
meant to provide information on broad zoogeographic distribution in the Northeast
Atlantic. Therefore, widely distributed species that may be circumglobal in nature are
attributed to the biogeographic province most suitable for the European
population(s).

Arctic fish are those species restricted to the northernmost parts of the ICES/OSPAR
areas, with southern limits off north Norway and Iceland. Families of marine fish
well represented in the Arctic include skates (Rajidae), whitefish (Salmonidae), cod
(Gadidae), sculpins (Cottidae), poachers (Agonidae), lumpfish (Cyclopteridae), sea
snails (Liparidae), and eelpouts (Zoarcidae); these families also include several Boreal
forms.

Boreal fish are considered northern taxa and include both Boreal species (which
extend northwards to the Norwegian Sea and Icelandic waters) and Boreal—Arctic
species (which extend into Arctic waters and possibly even into the cold waters of the
Northwest Atlantic). These species generally have the southern limit of their
distribution around the British Isles or west of Brittany.

Lusitanian fish are those southern species that tend to be abundant from the Iberian
Peninsula (including the Mediterranean Sea) to as far north as the British Isles. They
may have their northern limits in the southern or central North Sea (although many
of these species extend to higher latitudes on the western seaboard of the British Isles,
and so can also occur in the northwestern North Sea). Many of these species have
distributions extending into the Mediterranean Sea and off the coast of northwest
Africa.

Mediterranean fish are those species that are broadly endemic to the Mediterranean
Basin (although their distributions may extend slightly into Moroccan or Portuguese
waters); therefore, their distributions do not usually extend as far as the
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Biscay—Iberian ecoregion. Although several species of Mediterranean fish also occur
in the Black Sea, those fish that are mostly endemic to the Black Sea are listed as
Sarmatic (following Ekman, 1953).

Macaronesian fish are those species (or subspecies) that tend to be restricted to
Atlantic islands (Azores, Madeira, Canary Islands), although some specimens of these
species may have been occasionally recorded from African coastal waters.

African fish are considered those species that have a northerly distribution in the
southern or western Mediterranean, but are more typically encountered off
northwest Africa. This region would equate with the Mauritanian province of some
biogeographic studies (e.g. Ekman, 1953) or the Eastern Canary Coastal and Guinea
Current Coastal provinces of Longhurst (1998). Certain sea breams (Sparidae) are
particularly characteristic of this ecotype.

Atlantic fish are those (often pelagic or deep-water) species that are widespread in
the North Atlantic and include many of the deeper-water species that may be widely
distributed along the continental slope. Some Atlantic fish, which occur on both sides
of the Atlantic, but are limited to the more tropical parts of the Northeast Atlantic,
have been noted as Atlantic (African) for the present overview.

Marine fish that are not native to European waters include some salmonids that have
been introduced from the Northwest Pacific and Lessepsian migrants that have
entered the Mediterranean through the Suez Canal (i.e. Indo—Pacific species),
although there have been reports of Indo—Pacific species elsewhere in European seas
(e.g. Pampus argenteus in the North Sea). The opening of the Suez Canal in 1869
connected the Red Sea with the eastern Mediterranean. It removed the geographic
barrier between these seas, and many organisms originally inhabiting the Red Sea
have now penetrated deep into the Mediterranean. Inventories of Lessepsian
migrants need to be updated regularly. For example, Fistularia commersonii,
Oxyurichthys petersi, Upeneus pori, Callionymus filamentosus, Etrumeus teres,
Lagocephalus suezensis, Petroscirtes ancylodon, Sphyraena flavicauda, and Tylerius
spinosissimus have all been recorded from the eastern Mediterranean in recent years
(Corsini et al., 2005; Akyol et al., 2006; Pais et al., 2007), and may need to be added to
the list of European fish. Some Lessepsian migrants are now spreading westwards
throughout the Mediterranean and, in certain places, have displaced native species.
The eastern Mediterranean is now regarded by many researchers as a subprovince of
the Red Sea system (Corsini et al., 2006).

There are also examples of translocations of native Black Sea and Caspian fish species
to the Baltic via the Danube canal and river systems, e.g. the round goby (Neogobius
melanostomus). The round goby is now the dominant fish species in most of the
shallow waters of the Gulf of Gdansk (Sapota, 2004). The species has also been
introduced into the North American Great Lakes. The potential for non-native species
to establish themselves depends on the prevailing environmental (climatic)
conditions, as well as shipping routes and global transportation networks.

Reproductive strategy

The ways in which fish respond to climate change is influenced largely by their
reproductive strategy. Broadcast spawners, for example, shed large numbers of eggs
into the water column, where the survival and growth of the early life-history stages
will depend on environmental conditions (e.g. temperature, predator—prey
interactions). In contrast, for live-bearing fish species that only produce a small
number of pups, recruitment may depend more on the size of the maternal stock than
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on environmental conditions. Fish exhibit a wide range of reproductive strategies,
many of which have been categorized by Balon (1984).

In general, most species of fish occurring in the temperate waters of the Northeast
Atlantic are broadcast spawners (see above). Some species, e.g. anglerfish (Lophius
piscatorius) and related species, also produce planktonic eggs, but these are laid in
gelatinous masses (rafts).

Many fish, however, are demersal egg-layers, depositing their eggs on the seabed
(e.g. on broken shells, maerl, gravel, kelp holdfasts, rocks). Several families of
European fish lay their eggs demersally, including hagfish (Myxinidae), catshark
(Scyliorhinidae), skate (Rajidae), chimaera (Chimaeridae), smelt (Osmeridae), herring
(Clupeidae), clingfish (Gobiesocidae), sculpin (Cottidae and Psychrolutidae), pogge
(Agonidae), lumpsucker (Cyclopteridae), sea snail (Liparidae), sandeel
(Ammodytidae), wolffish (Anarhichadidae), butterfish (Pholidae), prickleback
(Stichaeidae), some eelpout (Zoarcidae), blenny (Blenniidae), goby (Gobiidae), and
triggerfish (Balistidae).

Some demersal egg-layers, e.g. herring (Clupea harengus), do not provide any parental
care, whereas the adults of other species, e.g. wolffish (Anarhichas lupus), may protect
the developing eggs. A small group of species lay eggs with sticky filaments that
adhere to vegetation or other floating objects; this group includes sand smelt
(Atherinidae), garfish (Belonidae), half-beak (Hemiramphidae), and flying fish
(Exocoetidae).

Several fish exhibit parental care, such as the “brooders”, which protect their eggs
and recently hatched young in a brood pouch, e.g. in sea horses and pipefish
(Syngnathidae), or brood them in the mouth, as in cardinal fish (Apogonidae). Other
fish build nests in which to protect the young, a strategy seen in stickleback
(Gasterosteidae), black sea bream (Sparidae, Spondyliosoma cantharus), some wrasses
(Labridae), and damselfish (Pomacentridae).

Several European fish are anadromous, migrating into freshwater ecosystems to
deposit their eggs; these fish include lamprey (Petromyzontidae), sturgeon
(Acipenseridae), shad (Clupeidae, Alosa spp.), and various salmonids (Salmonidae).
In contrast, catadromous species, typified by the European eel (Anguilla anguilla), live
in freshwater and spawn in the marine ecosystem. The reproductive biology of the
European eel and other eels, e.g. European conger eel (Conger conger), are poorly
known, although the leptocephalus larvae have been described.

Viviparity occurs in a variety of fish taxa. Among teleosts, it occurs in redfish
(Sebastes spp.), eelpout, or viviparous blenny (Zoarces viviparus), and viviparous
brotula (Bythitidae), whose females give birth to larvae. In these instances, the
developing embryos are nourished exclusively by nutrients contained in the eggs, a
form of reproduction sometimes referred to as “ovoviviparity”. This mode of
reproduction is also seen in some elasmobranchs, e.g. spurdog (Squalus acanthias) and
other squaliform sharks, although it is often referred to as “aplacental viviparity”.

Other, more advanced modes of viviparity occur in the elasmobranchs. These range
from: (i) the supply of nutrients to developing embryos by uterine villi and
trophonemata, e.g. stingray (Dasyatis pastinaca); (ii) oophagy, in which the mother
continues to produce oocytes, which are eaten by the developing embryos, e.g.
porbeagle (Lamna nasus); to (iii) placental connections supplying nutrients, e.g. blue
shark (Prionace glauca).
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Maximum body length

Size is known to be an informative life-history parameter that is often correlated with
vulnerability. For species for which aging has been undertaken, growth models can
be used to estimate L-, although imprecise age estimation, low sample size, or
restricted size distribution of studied material can lead to under- or overestimation of
L. The maximum observed length (Lma) is the better known for a greater range of
taxa (although poor species identification can be a problem). Most fish species are
measured in terms of total length (Lr), although for species with long, thin, fragile
caudal fins, other dimensions (e.g. standard length, fork length, or disc width) may
be more appropriate. For the purposes of the present study, most of the maximum
size information is from FishBase or Whitehead et al. (1984-1986), with minor
amendments made for some of the more common shelf-living species, for which
there is extensive length—frequency information from fishery-independent
groundfish surveys.

Trophic guilds and trophic level

Feeding behaviours and foraging strategies/tactics have been documented for some
fish species occurring in European seas, though they are not well defined for many
species. Feeding habits (diets) of most of the larger shelf species are relatively well
known (see Section 10 in ICES, 2005¢, and references therein) although factors that
affect feeding habits, including temporal variation (diurnal-seasonal), ontogenetic
changes, and spatial patterns in food availability, have only been examined for some
of the more abundant species.

It should also be noted that the feeding habits of some small benthic fish and most
deep-water fish are poorly known. Additionally, many of the fish species occurring in
deeper waters often regurgitate their stomach contents when brought to the surface;
consequently, little is understood about their diets (Polunin et al., 2001).

Hence, although the diets of many (but certainly not all) shelf-living European fish
species have been described, these studies may be limited by spatial and temporal
constraints, sample size, the size range studied, and the methods used. Hence,
categorizing all fish into defined trophic guilds, as undertaken for other sea areas
(e.g. Garrison and Link, 2000; Bulman et al., 2001; Marancik and Hare, 2007) has yet to
be attempted in a European context. Ontogenetic changes in fish feeding habits are
well documented and, for the purposes of the present study, we have tried to
encapsulate the diets of adult fish.

Most European fish are categorized here as (i) piscivores, species in which the adults
predate primarily on fish (and cephalopods); (ii) plankto-piscivores, species that
predate on a variety of larger zooplankton and fish; (iii) planktivores, species
predating primarily on zooplanktonic organisms; (iv) bentho-piscivores, species
predating on a variety of larger epifaunal invertebrates and fish; or (v) benthivores,
species predating primarily on benthic and epibenthic invertebrates. Although
piscivores are listed as the top predatory category, it should be recognized that some
of the larger sharks, e.g. tiger shark (Galeocerdo cuvier) and white shark (Carcharodon
carcharias), also consume higher vertebrates (e.g. turtles, seabirds, and marine
mammals) as well as fish.

Although these categories are somewhat generic, some fish species are known to
have more specialized feeding habits. Some benthivorous species, e.g. smoothhound
(Mustelus spp.), feed almost exclusively on crustaceans and may be termed
carcinophagous. Some planktivorous species specialize in feeding on gelatinous
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Zooplankton and may be termed medusophagous. Adult lampreys are ectoparasites,
feeding off a variety of fish and marine mammals. Several spedes, e.g. hagfish
(Myxine glutinosa) and pilotfish (Naucrates ductor), tend to scavenge, although many
demersal fish are known to predate on discarded fish and fish offal, as well as on
invertebrates or fish injured or killed by fishing gear. Other fish spedes may be
omnivorous, e.g. bogue (Boops boops), which feeds on small invertebrates as well as
algal material, detritivorous, e.g. grey mullets (Mugilidae), which typically eat
organic material from the sediment and graze algae, or more herbivorous, e.g. saupe

(Sarpa salpa).

Trophic level can be based on stomach-content analysis, knowledge of natural
histoiy, or the relative concentrations of naturally occurring isotopes of nitrogen (the
"heavier" form of which tends to become concentrated in the tissues of predators).
Although trophic levels, as indicated by isotopes, are available for many of the more
common North Sea and Mediterranean fish (Pinnegar er al, 2002, 2003), in order to
allow consistency over all taxa, information on trophic level has been taken from
FishBase (Froese and Pauly, 2007). Trophic levels of European fish generally range
from 2.0-2.5, for species such as bogue, sand smelts (4dtherina spp.), and grey mullets
to 4.5, for pisdvorous fish, such as porbeagle, thresher shark (4/opias vidpinus), John
dory (Zeus faber), and swordfish (Xiphias gladius). The generalized relationship
between trophic categories and trophic level is illustrated in Figure 2.1.

Ectoparasites: feed off
other fish species (e.g.
lampreys).

A Piscivores: species typically predating on smaller fish
(and cephalopods).

Scavengers: a few species

o ool T eNEC Law

Plankto-piscivores: some
species of (mostly) pelagic
fish predate on a variety
of planktonic organisms
(euphausllds,
ctenophores) as well as
fish and cephalopods.

Planktivores: primarily
consume zooplanktonlc
organisms (e.g.
euphausllds, gelatinous
Zooplankton); some
species may feed almost
exclusively on gelatinous
Zooplankton (i.e. are
medusophagous).

Herbivores: graze on algae; this feeding mode

Bentho-piscivores: some
large demersal fish
predate on a variety of
benthic organisms
(crustaceans, etc.) as well
as fish.

Benthivores: predate on a
variety of benthic
invertebrates; some
species can be more
specialized and feed
almost exclusively on
crustaceans (i.e. are
carcinophagous).

is more common in tropical ecosystems.

scavenge on the remains
of fish, etc.; although
many fish species are
known to scavenge on
discarded bycatch, etc.,
the trophic strategy of
such species Is based on
their “normal” feeding
habits.

Omnivores: feed on a
variety of invertebrate
prey and algae.

Detritivores: ingest sediment, etc.

Figure 2.1. Generalized relationship between feeding guilds and trophic level.

Habitat

Various factors affed the overall distribution and habitats of fish,

and water

temperature, salinity, water depth, and sedimentary environment are the underlying
determinants of broadscale geographic distributions. Other factors, including local
predator-prey relationships, water quality, and cover (e.g. physical structures or
algal cover) operate on smaller spatial scales.
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Given that climatic variability may have a greater influence on coastal and shallow
shelf seas than on deeper waters (which typically have more stable environmental
conditions), species occurring in shallow areas may be more affected by
environmental fluctuations and changes. Additionally, changes in oceanographic
circulation, as well as affecting planktonic early life-history stages, may affect the
distribution and movement of pelagic fish. In contrast, the distribution of demersal
fish can be strongly correlated with the sedimentary environment, as well as with
bathymetry, temperature, and salinity. It has been hypothesized that pelagic and
demersal species will differ in their responses to cimate change, because the former
can more easily follow changes in water masses than the latter, which have more
geographically fixed habitat requirements (Rijnsdorp et al., 2009).

Although some fish species can be highly selective in their habitat requirements and
utilization, others occupy a wide range of habitats. For example, red bandfish (Cepola
rubescens) are restricted to particular sediment types, where it can form burrows,
whereas lesser spotted dogfish (Scyliorhinus canicula) can occur on a variety of
sediments, ranging from mud to rock. The effects of fine-scale habitat properties (e.g.
seabed topography, presence of physical relief) on the fine-scale distribution of fish
are poorly known for many species, although groundfish surveys can provide
general information for describing broader types of habitat usage by fish, in terms of
the sedimentary and bathymetric environments in which they are most abundant.

It should also be noted that fish habitats may vary temporally (ranging from diurnal
to seasonal patterns in habitat use), as well as ontogenetically (e.g. in many marine
species, juveniles occur in shallower waters than adults do).

For the purposes of this account, we distinguish between “horizontal habitat”, which
ranges from estuarine and coastal fish to oceanic species, and the somewhat related
“vertical habitat”, which accounts for their position in the water column.

Coastal. Some species of fish are more prevalent in shallow-water coastal zones,
although the population as a whole may extend farther offshore. For example,
various pipefish tend to be recorded most often in such shallow-water habitats. This
area also includes more specialized habitats, such as the rocky intertidal zone, where
species such as blenny (Lipophrys pholis) are found almost exclusively. Other species
of fish may be restricted to inshore kelp forests or seagrass meadows. Some species of
fish may occur almost exclusively in estuaries, for example, flounder (Platichthys
flesus) and grey mullet (Mugilidae), which are most prevalent in brackish waters. The
juveniles of some marine species may inhabit estuarine areas as 0-groups (e.g. sea
bass), and estuarine environments are also important for diadromous fish.

Continental shelf (down to 200m). The majority of commercially important
European fish are demersal or small pelagic (neritopelagic) species occurring on the
continental shelf. Some are widespread across the entire shelf, whereas others are
restricted to either the shallower waters of the inner shelf or the deeper waters of the
outer shelf. This broad habitat type accounts for the greatest proportion of fish in
enclosed seas (e.g. the North and Irish seas). Although much of the continental shelf
is characterized by mud, sand, and gravel, rocky outcrops (as well as wrecks and
oilrigs) can have a “reef-associated” fish community.

Continental slope. This habitat is occupied by various demersal, bathydemersal,
bentho-pelagic, and pelagic species. Although many outer-shelf species occur on the
upper margins of the continental slope, these areas are also inhabited by various
deep-water species that are not typically reported from shelf seas, with some referred
to as bathydemersal, or bathypelagic, species.



ICES Cooperative Research Report No. 301

2.7

2.8

Oceanic. The offshore pelagic ecosystem adjoining the European continental shelf
contains myriad fish species, including many whose biology is poorly known. The
fish of this ecosystem may be broadly characterized into (i) epipelagic species (e.g.
oceanic fish occurring from 0 to 200m depth); (ii) mesopelagic species (typically
occurring from 200 to 1000 m depth); (iii) bathypelagic species, (occurring from 1000
to 4000 m depth), and (iv) abyssopelagic species, occurring at >4000 m depth. Several
epi- and mesopelagic species have been reported from shelf seas (including the North
Sea), where they may be regarded as occasional vagrants, often carried into shallow
water by freak oceanographic features (e.g. Heessen et al., 1996).

Macroecological perspectives

It should also be emphasized that, in the examination of temporal changes in the
structure and composition of fish assemblages, relevant “ecological rules” may need
to be considered, and several such rules may apply to fish in the Northeast Atlantic.

Polar gigantism (i.e. the attainment of larger body size by species in northern
latitudes) has been well documented by zoologists, and Bergmann’s Rule (Bergmann,
1847) suggests that the size of a species increases with cooler environmental
conditions. Indeed, some of the northern fish species occurring in the North Sea are
known to attain larger sizes farther north, e.g. starry skate (Amblyraja radiata).

In terms of shelf-dwelling fish species, juveniles tend to occur in shallow inshore
waters, with fish moving offshore into deeper waters as they attain a larger size
(Heincke’s Law; Heincke, 1913). Such patterns are known to occur in various flatfish,
e.g. plaice (Pleuronectes platessa), dab (Limanda limanda), sole (Solea solea), as well as in
some skate, e.g. thornback ray (Raja clavata).

Rapoport’s Rule (Rapoport, 1975, 1982; Stevens, 1989) considers latitudinal gradients
in species diversity and richness, with a general tendency for biodiversity to be
greater at lower latitudes (i.e. towards the tropics). This macro-ecological rule does
not apply to all parts of the European continental shelf. For example, the North Sea
has a large latitudinal range (ca. 10°), but it should be recognized that temperature
and bathymetric regimes are autocorrelated latitude in the North Sea. Furthermore,
“southern” fish species may enter the North Sea not only via the English Channel in
the south, but also via the Fair Isle Current (running between the Orkney and
Shetland isles) and via a route north of the Shetland Isles. Hence, the North Sea does
not provide an appropriate ecoregion in which to test Rapoport’s Rule.

Abundance-size relationships are evident in various fish species, with the general
rule that, as a species increases in abundance, its distribution also increases, and
conversely, as a population declines, its distribution contracts. (For further
information on abundance-size relationships see Section 3.2 in ICES, 2004d; Section 7
in ICES, 2005¢; and Section 3 in ICES, 2006n).

Maintenance of up-to-date ichthyofaunal inventories

Given the changes that can occur in the distribution of fish and that reports of such
changes are often scattered throughout the scientific and natural history literature
(see Addendum), there is a continuing requirement for regularly updated
ichthyofaunal inventories (e.g. by ICES ecoregion). This is of particular relevance to
climate-change issues, because predicted increases in water temperature are expected
to result in the increased occurrence of subtropical fish in European seas.
Additionally, other human factors (ranging from introductions of non-native species-
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to-species extirpations through overexploitation and habitat degradation) will also
affect the wider fish assemblage. Hence, the ICES scientific community should
consider becoming more proactive in the maintenance of such ichthyological
information, because it will assist scientists and managers in the evaluation of climate
change and wider ecosystem issues, including biodiversity.

Addendum

Since the European Register of Marine Species was compiled and the Annexes for this
account collated, there have been new records of marine fish occurring in either the
Mediterranean Sea (including the North African coast) or the Atlantic waters of
Europe, both in terms of range extensions and through descriptions of new species
(see chart below).

SPECIES

Centroscymnus owstoni
Neoraja iberica
Cheilopogon furcatus
Synaphobranchus affinis
Synaphobranchus brevidorsalis
Cephalopholis taeniops
Chloroscombrus chrysurus
Acanthurus monroviae
Chromogobius britoi
Poecilopsetta beanie
Elates ransonnetii

Chilomycterus reticulatus

FAMILY

Somnosidae
Rajidae
Exocoetidae
Synaphobranchidae
Synaphobranchidae
Serranidae
Carangidae
Acanthuridae
Gobiidae
Pleuronectidae
Platycephalidae

Diodontidae

SOURCE

Moura et al. (2008)
Stehmann et al. (2008)

Ben Souissi et al. (2005a)
Almeida and Biscoito (2007)
Almeida and Biscoito (2007)
Ben Abdallah et al. (2007)
Acosta et al. (2008)

Hemida et ai. (2004)
Beldade etal. (2006)
Nielsen and Casey (2008)
Mastrototaro et al. (2007)
Follesa et al. (2009)

There continue to be many reports of new Lessepsian migrants in the Mediterranean
Sea, and although most of these records are from the southern and eastern parts of
the Mediterranean, some species have extended into European waters. Records of
new Lessepsian migrants in the wider Mediterranean include Dasyatis chrysonota,
Rhinobatos halavi, Scarus ghobban, Apogon smithi, Nemipterus japonicus, Nemipterus
randalli, Decapterus russelli, Omobranchus punctatus, Fistularia commersonii, Upeneus
pori, Papillogobius melanobranchus, and Hippocampus fiiscus (Golani, 2000, 2004, 2006;
Golani and Fine, 2002; Golani and Capape, 2004; Bariche and Saad, 2005; Ben Souissi
et ah, 2005b, 2007; Golani and Sonin, 2006; Kovadc and Golani, 2007; Gokoglu et ah,
2008; Golani et ah, 2008).

As noted above, given the changes that can occur in the distribution of fish and that
reports of such changes are often scattered throughout the literature, there is a
continuing need for regularly updated ichthyofaunal inventories (e.g. by ICES
ecoregion) that will allow such signals to be included in analyses of climatic impacts.
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3.3

Ecophysiology
Myron A. Peck and Henk W. van der Veer

Introduction

The need to better understand and incorporate physiology into projections of climate
impacts on marine species has recently been discussed with renewed vigour (Portner
and Farrell, 2008). The aim of this section is to review basic ecophysiological concepts
with regard to how changes in key environmental factors influence the vital rates of
marine fish and shellfish. Research on fish at the organismal level (whole organism
and bioenergetics studies) and emerging concepts at the cellular level are reviewed.
Evidence for variability in physiological tolerance among individuals, populations,
and/or species is also presented, because such variability is likely to be an important
component of the "adaptive capacity" of fish stocks to changes in climate-driven
factors.

Throughout the section, the concept of a balanced energy budget is used as a
framework for understanding the changes in growth performance that result from
changes in abiotic factors (with a primary emphasis on water temperature).
Modelling approaches that directly incorporate physiological mechanisms (larval fish
individual-based models (IBMs) and dynamic energy budgets (DEBs)) are
highlighted because their use as tools is important to the understanding of the
impacts of climate change on individual fish species. The importance of
understanding the physiological impacts of multiple factors acting synergistically is

also emphasized.

This section provides the supporting information required to understand the overall
conceptual framework (Section 1) and the mechanisms behind biogeographic
classifications (Section 2), and sheds light on the underlying mechanisms behind
changes in distributional ranges (Section 12) and productivity of individual species
within specific areas (Sections 13-22).

Physiological rates and the influence of environmental factors

Climate change and variability act both directly and indirectly on the environment
(i.e. the totality of all extrinsic (abiotic and biotic) factors experienced by marine fish
and shellfish resources). However, the consequences of these environmental changes
on the vital rates of organisms depend largely on intrinsic factors peculiar to each
species (e.g. life-history strategy, ecotypology, physiological tolerances). For example,
sessile organisms are more likely to respond to environmental changes by adapting
their physiology than motile animals, which can respond by adapting their
behaviour.

Understanding the extent to which organisms cope with the problems posed (and
exploit the opportunities offered) by changes in their particular habitat must include
insight into the physiological effects imposed by the environment as well as the
ecophysiological responses of an organism at all stages of its life cycle (Willmer ez ah,
2000).

Balanced bioenergetics budgets as a framework

Predictions of the infra- and interspecific physiological consequences of climate
change and/or variability require a general framework that describes the relationship

between prevailing abiotic and biotic environmental conditions and fish performance
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in terms of vital rates (e.g. rates of survival, growth, and reproduction). At the
organismal level, the use of balanced energy budgets to predict various aspects of the
field ecology and biology of commercially and recreationally important fish and
shellfish (e.g. prey consumption, growth rates) has become common in the last three
decades (Brett and Groves, 1979; Hanson et al., 1997). A balanced energy budget was
first applied to fish by Winberg (1956, p. 172):

Rat=1.25 (P+T), or C=1.25 (G +M), 1)

where C=food consumption (Raf=ration; Winberg, 1956), G =growth (P = prirost),
M=expenditures for metabolism (T =traty). This balanced energy budget has
subsequently been expanded to include specific pathways for energy loss via
metabolism:

C=G+R+E+F, (2)

where C=energy gained from food consumption, G =the energy gained in growth,
R=energy lost via respiration, E =energy lost via nitrogenous excretion, and F =the
energy lost in egested faecal material. All parameters have common energetic units
(e.g. joules d).

Further subdivision of parameter rates is often employed. For example, rates of R
(and E) can be subdivided to include different levels of energy loss caused by basal
(standard) metabolism (Rs), feeding metabolism (specific dynamic action, Rspa), and
active (Ra) metabolism (Brett and Groves, 1979). The increase in rates of O:
consumption during feeding (Rspa) has also been termed “apparent heat increment”
(e.g. Blaikie and Kerr, 1996). Growth can be subdivided into gonadal growth (Gc) and
somatic growth (Gs). This balanced energy budget is most commonly used to
estimate either growth or food consumption after various other parameters have been
determined (Hanson et al., 1997). Rates of these parameters are affected by a number
of factors, including water temperature, fish body size, and feeding level (Brett and
Groves, 1979). Thus, balanced energy budgets provide a means of exploring potential
impacts of environmental changes at the level of the individual using physiological
principles. However, this approach is limited because the budget does not account for
the “history” of the organism, but merely provides a snapshot of the metabolic rates
at a particular time. A “dynamic” version of energy budgeting is discussed in Section
3.6.2.

The main physiological factor responsible for differences in environmental (e.g.
thermal) tolerance is the rate of energy loss caused by metabolism. Fry (1971)
classified environmental factors according to their influence on aerobic metabolism
and aerobic scope (the difference between the lowest and highest rates of aerobic
respiration; Figure 3.1a and b). Aerobic scope represents the energy available for all
life processes after accounting for standard levels (or costs), and Fry’s factors act to
either increase (unload or release) or decrease (e.g. limit) the aerobic scope. At the
most basic level, suitable environments are those in which an organism’s metabolic
scope is positive and various controlling factors (e.g. temperature, pressure, and pH)
determine the range of metabolic scope and, hence, reflect the tolerance range. Other
factors interact with the controlling effect of temperature to either increase or
decrease the metabolic rate and scope of an organism (Figure 3.1c and d). The result
can be a change in the optimal range of temperatures (i.e. the temperatures where
metabolic scope is highest).
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Fry (1971) separated environmental factors into five categories.

i)  Controlling factors, which govern metabolic rate by affecting molecular
kinetics (e.g. temperature, pressure, pH).

ii ) Lethal factors, which drastically alter lifespan (e.g. intolerable levels of
temperature and dissolved O32).

iii ) Limiting factors, which restrict the supply or removal of metabolites
(food, water, and respiratory gases) that affect activity and usually
operate above or below a threshold.

iv) Masking factors, which modify or prevent the effect of other
environmental factors by influencing the channelling of energy (e.g.
salinity affecting osmoregulation).

V) Directive factors, which cue some response affecting energy partitioning,
typically via hormone induction (photoperiod on reproduction).

The outcome of changes in aerobic scope at different levels of these factors is most
easily observed by evaluating the feeding-growth relationship of an organism
(Figure 3.2). Over short time-scales, utilization of energy reserves creates some
individual flexibility with respect to these tolerance limits. However, over longer
periods, tolerance limits to environmental factors dictate the specific habitats that
organisms can exploit. To some extent, masking, loading, and limiting factors can
modify, and may modulate, these tolerance limits. Acclimatization provides an
additional route, allowing organisms to utilize new environmental conditions.
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Figure 3.1. Changes in (a) standard metabolic rate (Rs) and active metabolic rate (R)\) with
temperature, and (b) metabolic scope (R4-RS) vs. temperature. Increases or decreases in (c)
metabolic rate and (d) scope caused by the interaction of other environmental factors
superimposed on the controlling effect of temperature (based on Fry, 1957).
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Figure 3.2. Four of the five classes of environmental (abiotic) factors distinguished by Fry (1971) to
describe the physiological (organismal level) impacts. The remaining class (lethal factors) is not
shown (redrawn from Brett, 1979).

Temperature tolerance

3.4.1 Whole organism thermal studies

Critical temperature maximum (CTmax), lethal maximum and minimum temperatures
(LTMAxandLTMIiN, respectively), and preferred temperature (P7) are factors that have
been quantified in the laboratory for a variety of organisms, including various species
of fish (e.g. Table 4.1 in Tsuchida, 1995). The final PT often coincides with optimum
temperatures for growth (Brett, 1971; Jobling, 1981), but this depends heavily on the
acclimation characteristics of specific populations (e.g. Zakhartsev er a/, 2003; Portner
et al, 2008). In 14 species of marine fish, the relationship between PT and CTmax or
LTmax was highly significant (Tsuchida, 1995), indicating that temperature tolerance
and temperature preference are somehow closely connected. Combining the results
from a variety of studies (see Table 4.1 in Tsuchida, 1995) reveals a linear relationship
between PT and the LTmax (Figure 3.3). Although these studies do not examine
underlying physiological mechanisms, their relevance stems from the good
correspondence between laboratory-derived measures and limits of thermal
distribution in the field (Cech er al, 1990). However, care must be taken not to
"oversimplify" estimates of PTs gauged from field fish, because these may be
modified by other environmental factors. For example, when acclimated to the same
temperature, unfed fish (or fish that have been maintained on low-quality food) tend
to have lower PTs (often by 2-4 °C) than fish that are well fed (Magee et al, 1999;
Despatie et al, 2001; Pulgar es al, 2003). This indicates that, from a physiological
standpoint, the preferred environment of an individual species will depend on a
combination of abiotic and biotic factors, including the availability of suitable prey
resources. A second important point is that "realized" temperatures (i.e. the
temperatures at which fish are found in the field) may well be suboptimal.



ICES Cooperative Research Report No. 301

34
32

24

22 +

20

18 -

16 -

14 - * e (mean & range)
12 +r+FFFFEEEFEEERI

24 26 28 30 32 34 36 38 40 42

W;g:NQnN =

Maximum Lethal Temperature (°C)

Figure 3.3. Final preferred temperature (P7) vs. maximum lethal temperature (LTmax) for 20
different species of marine species (compiled from various published data).

There is substantial evidence that the temperature-tolerance range varies with both
life stage and body size. Laboratory experiments on growth and development of
different life stages suggest that the temperature-tolerance range is often maximal
during the juvenile stage (Campos and van der Veer, 2008). It is not clear whether the
temperature tolerance of a fish is affected by its body size or its body size is affected
by its temperature tolerance. Factors such as fish condition, temperature
acclimatization, and duration of exposure all have an impact. In general, there is a
lack of information regarding the growth physiology of the late larval/early juvenile
stages of many marine fish, which is surprising, given that processes acting during
these stages can have important consequences for recruitment strength (Bailey and
Houde, 1989; Sogard, 1997).

Under field conditions, the range in stage-specific temperatures at the lower and
upper extremes of tolerance is probably the most important factor for the persistence
of a species in a given area. In relation to body size, the cold-water tolerance of
juvenile Atlantic croaker (Micropogonias undulates) was size-dependent, with smaller
individuals surviving significantly longer than larger ones (Lankford and Targett,
2001). However, the warm-water tolerance of small tropical reef fish does not seem to
be affected by body size. There is a suggestion that the temperatures selected by early
life stages (e.g. juveniles) are higher than those selected by older conspedfics
(McCauley and Huggins, 1979), Also, the optimal thermal environment in fish
(defined as the temperature at which growth rate is maximum) decreases with
increasing body size/volume (Kuipers and Fonds, 1978; Fonds et al, 1992; Yamashita
et al, 2001), although the strength of this trend will be spedes-spedfic.

The shift in optimal temperature with fish size is probably related to two processes.

(1) The supply of oxygen to fuel aerobic metabolism is limited by high temperatures
and large body sizes, as discussed for Atlantic cod (Gadus morhua) and common
eelpout (Zoarces viviparus) by Portner et al. (2001). Additional factors can exacerbate
the effects of these size differences. For example, the optimal difference between the
sizes of prey and predatory fish was found to be fourfold in Atlantic cod in the North
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Sea (Daan et al,, 1990). The absence of suitably sized prey places additional costs on
foraging, thus reducing the energy available for growth, as observed in both Atlantic
cod (Daan, 1973) and turbot (Psetta maxima; Wetsteijn, 1981). This means that, apart
from differences in the energy costs of finding and handling prey, maximum growth
will occur at a lower temperature and the LTmax will decrease with increasing
predator size. The observed relationship between fish size and depth (Heincke's Law;
Heincke, 1913) may be a reflection of the decrease in the L7max with increasing size.

(i) In relation to latitude, the greater temperature variation at temperate (mid)
latitudes is expected to select for wider physiological tolerance windows in
poikilothermic animals, whereas the smaller temperature variation at tropical (low)
latitudes is expected to lead to narrower tolerance windows (Dobzhansky, 1950;
Stevens, 1989). The climate variability hypothesis of Stevens (1989) formulated such a
relationship between climate variation and thermal tolerance windows. A recent
comparative study of the lethal thermal limits of temperate and tropical bivalve
species support this hypothesis (Compton ez al, 2007). However, it is unclear whether
or not this hypothesis also applies to fish species. If true, it has far-reaching
implications for the extent of geographic ranges and patterns of species richness
(Gaston, 2003). Combined analysis of laboratory studies conducted on a variety of
marine fish demonstrates a clear change in both the L7max (based on 55 species) and
the L7min (27 species) in relationship with the latitude of the field population (see
Figure 3.4). There is a reduction in the difference between the LTmax and LTmin that
suggests a narrowing of thermal tolerance for populations located at extremely low
and extremely high latitudes (i.e. in the tropics and at the poles).
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Figure 3.4. Lethal temperature for various fish species vs. latitude of field collection. Both lethal
maximum (LTmax) and lethal minimum (LTmin) are shown. The regressions suggest a reduction in
the differences between LTmax and LTmin at extreme latitudes.

3.4.2 Organismal-level bioenergetics

Quantifying the temperature-tolerance range of a species provides an insight into the
spatial-temporal window of opportunity for somatic growth and reproduction. Over
short time intervals, individuals can survive outside their temperature-tolerance
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range, but only at the cost of negative growth (i.e. the utilization of energy reserves).
Information on the temperature tolerance of a species is based on a number of lines of
evidence at the organismal level, including measurements of various energy-budget
parameters, e.g. rates of respiration (metabolic scope), as discussed above, as well as
rates of food consumption and direct measures of growth rate at different
temperatures. In the latter case, tolerable temperatures are simply those where the
reaction rate is positive, i.e. the zone of above-zero growth performance (Huey and
Kingsolver, 1993).

Within the normal range of temperatures experienced by an organism, coupling the
measurements of the rates of maintenance food consumption (Cwary; i.e. food
consumption rates at zero growth) and maximum food consumption (Cwax) at
different levels of an environmental factor (most often different temperatures) allows
the estimation of the “scope for growth” (SfG; Figure 3.5). Similar to metabolic scope,
the 5fG is a measure of growth potential that can also be used to provide an estimate
of the optimal temperature range (Brett, 1979). In this case, the lower and upper limits
of temperature tolerance are established by the outcome of opposing bioenergetic
rates of energy loss and energy gain. The general pattern is considered to be an
outcome of the steady increase in metabolic energy loss with increasing temperature
combined with food ingestion (energy gain), and increases only until an abrupt
decline occurs at high temperatures.

Based on the balanced energy budget (Equation (2)), potential growth rate therefore
increases steadily with increasing temperature until it reaches a maximum, and is
followed by a sharply defined upper boundary. Unfortunately, the physiological
literature is lacking in such “bioenergetically based” StG estimates at different
temperatures for many commercially important fish species. Furthermore, possible
ontogenetic changes in the effects of temperature on the SfG of most commercially
exploited marine fish and shellfish species remain largely unexplored. However, the
bioenergetic costs and trade-offs at different temperatures are most dearly
demonstrated when growth rate is measured for fish maintained at a variety of
different temperatures, as reported by Fonds et al. (1992) for plaice (Pleuronectes
platessa) and European flounder (Platichthys flesus).

Measurements of O2 consumption rates at different acclimation temperatures have
also been used to elucidate temperature optima and temperature sensitivity in fish.
Optimal temperatures have been determined by establishing the thermal range in
which the thermal quotient (Quo; a measure of the change in reaction rates between
temperatures differing by 10°C) for O: consumption rate starts to decrease with
increasing acclimation temperature (Kita ef al.,, 1996). Although the Qo has been
widely utilized, the accuracy and the variance of this factor have been questioned by
some (e.g. Willmer et al., 2000). Other researchers have chosen to use the Arrhenius
relationship, based on the Van't Hoff equation, which usually provides a good
explanation for the variation in temperature dependence of metabolic rates across
species (Gillooly et al., 2001).
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Figure 3.5. Scope for growth (SfG) of sockeye salmon (Oncorhynchus nerka) at different
temperatures (grey arrows), as determined from measurements of maximal (Cmax) and
maintenance (Cmain, zero growth) rates of feeding at different temperatures. The optimal rations
(Copt; i.e. the ration providing the best growth efficiency) are also shown (redrawn from Brett,
1979).

3.4.3 Cellular-level physiological responses

At the cellular level, the physiological underpinning of temperature optima and
tolerances has been explained in a variety of ectothermic animals, including fish,
using the concept of oxygen-limited thermal tolerance (Portner et al, 2001; Portner
and Knust, 2007; Figure 3.6). This concept provides a physiological basis for the
interpretation of observed differences in life-history characteristics among
conspecifics inhabiting different environments and for the estimation of the potential
impacts of climate variability and/or change on specific populations. According to
this model, an optimal range of oxygen availability to tissues characterizes the
temperature window of optimum aerobic performance and scope for aerobic activity.
Thermal tolerance becomes progressively time-limited once aerobic scope decreases
within the range of pejus (pejus =getting worse) temperatures (TP) that occurs prior
to the onset of anaerobic metabolism. Short-term thermal tolerance can be improved
by biochemical synthesis of antioxidative defence and heat-shock proteins. At
thermal extremes, there is a transition to anaerobic metabolism and protein
dénaturation. Importantly, the points of transition from optimum to pejus
temperature ranges demark the temperature range of maximum aerobic activity and
very probably characterize long-term environmental temperature limits or the
ecological tolerance range. The potential effects of developmental stage, specifically
the pattern of response of the embryonic stages and exogenously feeding larval
stages of fish, have not been fully explored, but differences are expected because of
the vast changes in the structures responsible for gas exchange that take place during
early ontogeny.
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Figure 3.6. Model of oxygen-limited thermal tolerance where pejus temperature (TP and critical
temperature (7c) are set by the capability of oxygen supply to meet tissue oxygen demand
according to ventilatory and circulatory performance. Heat-shock proteins (HSP) and
antioxidative defence may increase the tolerance range at high (and low) thermal extremes by
shifting dénaturation temperatures (74), but are not thought to affect pejus temperatures. (See
Figure 5 in Portner et al., 2001)

Variability and plasticity in physiological responses/observed trends

It should be kept in mind that there is considerable variability in physiological
tolerances and responses between species, within species (between populations), and
among individuals within the same population. In addition to an acute response to
temperature, an individual can demonstrate (i) a chronic response, namely
acclimatization; and (ii)) an evolutionary response, namely adaptation, which is
measured in time-scales of generations and ultimately leads to a modification of the
physiological performance and response of an organism. As an example of
population differences, Svasand er al. (1996) observed significantly higher growth
rates and lower condition factors for Norwegian coastal cod compared with Arcto-
Norwegian cod when fish from the two populations were reared in the same tank.
Latitudinal changes in the thermal tolerance of populations of Atlantic cod, eelpout,
and several species of invertebrates have been well documented (Portner ef al., 2001,
2006, 2008). In terms of growth rate, the phenomenon of countergradient variation
(defined by Levins, 1969; reviewed by Conover and Schultz, 1995) provides an
example of the plasticity of a species' physiology in response to long-term
environmental conditions. The extent to which this phenomenon corresponds to
irreversible non-genetic adaptation during early life stages (Kinne, 1962) is not clear.

Common-environment experiments have revealed both countergradient variation in
growth rate (maximum growth rates found within and among species at higher
latitudes) and a shift to lower temperatures in growth-reaction norms (dome-shaped
relationships between growth and temperature) of northern species, indicating
adaptation to temperature at the interspecific level (Yamahira and Conover, 2002).
Interestingly, most evidence for countergradient variation in growth rate in fish
comes from studies conducted on early juvenile life stages (e.g. Yamahira and
Takeshi, 2008), which appears logical, given the importance to overall fitness of
growth rate during the first year of life (i.e. in terms of overwinter survival at higher
latitudes). Interestingly, there appear to be predation-related trade-offs associated
with increased growth rates in northern conspecifics. This indicates that, to some
extent, the capacity for physiological adaptation to meet growth requirements in
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changing abiotic conditions may be regulated by both bottom-up (prey supply) and
top—down (predation risk) factors.

Plasticity in responses to prevailing environmental conditions exists not only among
populations but also among individuals within specific populations. For example,
studies conducted on fish species of a variety of different families (Salmonidae,
Cyprinidae, Gadidae) suggest that relationships exist between inter-individual
differences in rates of metabolism (respiratory and exercise physiology) and somatic
growth (Peck et al., 2004; Lankin et al., 2008; and references therein). These studies
indicate that impacts of climate change and variability will probably affect the
growth physiology and survival of individuals from different populations (and even
individuals within the same population) in different ways. Populations from mid-
latitudes would be expected to express the greatest plasticity in physiological
response compared with populations inhabiting environments that demonstrate less
thermal variability, where, for example, stenothermal characteristics may be
expressed. The presence of inter-individual variability in growth energetics may be a
key element in dictating the adaptive capacity of populations to climate-driven
changes in environmental factors.

Through its direct effect on growth rate, temperature also affects other life-history
characteristics. For example, many organisms tend to grow more slowly in colder
environments but, as adults, are larger than their conspecifics in warmer waters. This
widespread phenomenon has been explained using both “Bergmann’s Rule”
(Bergmann, 1847), which describes the relationship between environmental
temperature and body size in endotherms, and the “temperature—size rule”, which
describes laboratory-derived reaction norms of temperature and body size (e.g.
Angilletta and Dunham, 2003). Theoretical considerations of decreasing growth
efficiency with increasing temperature were thought to explain these trends in body
size and temperature. However, this assertion was not supported empirically and
alternative theories have been proposed, for example, that differences reflect changes
in overall average food levels (Kooijman, 2000), or that temperature may impose
constraints on growth that only arise late during ontogeny (see Angilletta et al., 2004).

The latter theory is supported by the fact that the thermal optima for growth
efficiency and growth rate decrease as individuals grow (see Angilletta and Dunham,
2003). For example, the growth response of Atlantic cod to a standard increase in
water temperature changes markedly with body size (Figure 3.7). This underscores
an important point, namely that physiologically “optimal” environments (as well as
tolerances) will probably change during ontogeny. This indicates that understanding
the impacts of climate variability on the vital rates of key species will require
assessments of a variety of life stages (see Portner and Farrell, 2008). Ontogenetic
changes in optimum temperature have been observed in a number of fish species,
including Atlantic cod, wolffish (Anarhichas lupus), common sole (Solea solea), and
turbot (Scophthalmus maximus; Irvin, 1974; McCauley and Huggins, 1979; Cuenco et
al., 1985; Imsland et al., 1996, 2005, 2006).

Interestingly, for exploited fish populations coping with climate change (general
warming), a strong selection for smaller adult body size may result from the
combined effects of two simultaneously acting pressures. The first is a physiologically
based decrease in adult body size, compared with conspecifics inhabiting colder
waters, often observed for individuals within populations inhabiting areas with
higher water temperatures (Portner et al., 2001; Angilletta et al., 2004). The second is
an exploitation-based reduction in size-at-first-maturity, which has been commonly
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noted in many fish spedes (e.g. Jorgensen, 1990; Rijnsdorp, 1993b), and is caused by
an evolutionary change in the reaction norm (see review in Dieckman and Heino,
2007). Such a shift results in a decrease in the mean weight-at-age of adult fish.
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Figure 3.7. Predicted changes in the growth rate of Atlantic cod juveniles and adults after a 3°C
increase in temperature from 5, 7,9, and 11°C. The relationship depicted here (Peck, unpublished)
is taken from a combined analysis of data presented by Otterlei ez al. (1999) and Bjornsson et al.
(2001).

Physiologically based models and estimating climate impacts

3.6.1 Mechanistic individual-based models

In order to estimate the impacts of direct and indirect effects of climate change on the
vital rates of marine fish and shellfish, a number of the currently employed modelling
approaches are based on physiological (bioenergetics) principles. Although most
balanced bioenergetics budgets have been applied to juvenile and adult stages of fish,
recent mechanistic IBMs for larval fish include temperature-dependent growth and
foraging subroutines based on balanced energy budgets (e.g. Lough ef ah, 2005; Peck
and Daewel, 2007; Kristiansen et ah, 2009). These models have been constructed using
time-steps in the order of 1-2h to Id and, therefore, are more dynamic (e.g.
individuals can lose and gain mass in a more realistic manner). As vital rates of
organisms are influenced not only by the direct effects of climate (e.g. on temperature
and advection via water currents), models predicting climate impacts on local prey
fields have also been developed, some of which have been coupled to IBMs (a short
review is provided by Daewel, 2008). Such "coupled models" are powerful tools for
assessing the theoretical "bottom-up" impacts of differences in climate forcing on
key species from a physiological standpoint. In future, the utilization of IBMs (for
eggs and larvae), coupled with bioenergetics models (for juveniles and adults), will
provide the best opportunity to examine and compare temporally and spatially
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resolved environmental impacts that encompass the physiology of all life stages of
the same species.

3.6.2 Dynamic energy budgets

Dynamic energy budgets (DEBs) offer another framework (Kooijman, 1993, 2000;
Nisbet et al., 2000) for assessing the physiological consequences of climate variability
and change. In contrast to balanced energy budgets, DEBs take into account the
“history” of the fish by incorporating values for stored energy reserves as an
independent energy source and sink. The DEB approach quantifies rates of energy
flow through an individual and the allocation of energy to growth and reproduction
in relation to environmental conditions and food intake. Only seven parameters are
needed to describe fully the energy flow through an organism. The elegance of DEB
models is that a common model structure is employed, which allows interspecific
comparisons to be made simply by comparing parameter estimates. The DEB model
approach has been successfully applied to the analysis of the impact of toxic
components in mussels (van Haren and Kooijman, 1993), the comparison of life-
history strategies of marine flatfish species (van der Veer et al., 2001), and simulations
of growth and reproduction in oysters (Bacher and Gangnery, 2006; Pouvreau et al.,
2006).

According to the DEB theory, food conditions determine the maximum size that a
species can obtain and, therefore, differences among populations reflect differences in
the overall feeding environment. Prevailing temperature conditions have no
influence on maximum size, but only dictate the time required to achieve that size
(Figure 3.8). Temperature sensitivity is species-specific and, in DEB models, does not
demonstrate a pattern in relation to the size of organisms. It is not clear whether
patterns of temperature sensitivity exist among primary, secondary, and tertiary
producers.

However, an analysis of DEB parameters for different types of species indicated a
relationship between energy flow and cell complexity, specifically an increase in
maintenance costs and food requirements with increasing cell complexity. For
instance in the Wadden Sea, the maintenance costs of flatfish species are much higher
than those of various bivalve species (van der Veer et al., 2001, 2006). In terms of the
effects of body size on energy flow, DEB parameters illustrate the trade-off between
body size and energy reserves. Organisms (or species) with a small body volume (or
body size) have low energy requirements and low energy reserves to survive periods
of starvation, whereas organisms (or species) with a larger body volume (or body
size) have higher energy requirements, but also have higher energy reserves. This is
probably reflected in the increasing trends in body size with latitude. Ongoing efforts
to utilize DEBs more extensively on fish species include a recent comparison of
growth predictions obtained from DEBs and traditional “static’ energy budgets
within variable environments (van der Veer ef al., 2009) and a thorough comparison
of DEB parameter estimates among various species (van der Veer et al., In press).
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Figure 3.8. Growth curves resulting from different food and temperature conditions, according to
the DEB theory: (a) high temperature and high food conditions; (b) low temperature and high
food conditions; and (c¢) high temperature and low food conditions (from Kooijman, 2000).

Physiological responses to interacting factors

This section has focused on the effects of temperature because it is a key controlling
factor of various physiological processes. However, climate change will affect a
variety of environmental factors that will act synergistically to affect the physiology
of individuals and dictate the response of populations and stocks of a species.

The main synergistic factors include salinity, oxygen saturation, and pH
(acidification). Other factors may include levels of turbulence and light (turbidity).
The physiological impacts of these factors are species specific. This is clear from
studies examining the growth response of various marine fish to different levels of
single factors, such as salinity (e.g. Boeuf and Payan, 2001) and hypoxia (Thetmeyer es
al, 1999; Pilchavant et al, 2001).

Of these factors, ocean acidification will undoubtedly play a major role. Although the
survival of sensitive (early) marine fish life stages to decreased pH has been
examined (e.g. Parra and Yufera, 2002), research on the growth response of fish to
realistic levels of CO:2 (and its impact on pH) is still largely lacking (see review by
Ishimatsu et ah, 2008). Moreover, recent results suggest that responses of fish to ocean
acidification may be unexpected; for example, a recent study indicates sublethal
impacts on olfaction and behaviour affecting migration-settlement success in a coral
reef fish (e.g. Munday ez al., 2009).

In short, efforts to predict climate impacts on marine fish and shellfish using
physiological modelling (or purely correlative approaches) will be hampered by a
less than thorough understanding of the synergistic impacts of multiple interacting
factors. In this respect, there is an urgent need for measurements of growth energetics
and/or threshold tolerance levels of key life stages within experiments that utilize

replicated, multifactorial treatment groups (e.g. temperature xoxygen xpH).
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Spatially explicit, three-dimensional, physical-biological modelling

Corinna Schrum

Introduction

This section reviews the current state-of-the-art in three-dimensional, spatially
explicit ecosystem modelling of lower trophic levels (phytoplankton and
Zooplankton) coupled to the physical processes (hydrodynamics). Various
approaches used to build three-dimensional hydrodynamic (physical) models are
reviewed and a critique is provided of three-dimensional, spatially explicit ecosystem
or NPZD (nutrient-phytoplankton-zooplankton-detritus) models. Efforts to
evaluate the performance of three-dimensional, physical, and lower trophic-level
models are reviewed, including the ability of models to capture long-term
environmental variability. Within coupled three-dimensional ecosystem models,
current issues relating to the lack of life-cycle closure and the dynamic coupling of
feedbacks between biology and physics and between trophic levels (including larval
and later life stages of zooplanktivorous fish) are also highlighted.

Background

Climate-driven processes act as bottom-up controls on the dynamics of marine
ecosystems, and marine systems are subject to variability in these processes at
different spatial and temporal scales. On interannual and decadal time-scales, climate
is a strong driver, controlling environmental conditions through both direct and
indirect pathways. Direct pathways include, for example, changes in temperature,
which influence rates of growth and mortality, and changes in light conditions, which
influence photosynthesis. Indirect pathways include advective and turbulent nutrient
and biomass fluxes. The interplay of these processes is complex and not sufficiently
resolved by statistical approaches. Hence, the development of deterministic models
that are able to resolve climatic impacts by integrating different processes and their
combined impact is critical to both the projection of future ecosystem states and the
management of ecosystem-based resources.

Although realistic models and their results are complex, they are always a simplified
approximation of reality; hence, their projections are uncertain. Uncertainties arise
because of the assumptions made, processes neglected, unknown or incomplete
understanding of processes, unresolved subscale processes, and uncertainties in
numerical schemes and boundary conditions. Therefore, the application of different
models is recommended (e.g. an ensemble approach) in order to assess the possible
ranges of uncertainties in projections. The validity of the models used needs to be
investigated and discussed, and uncertainties arising from the schemes and

parameterization used need to be assessed.

The field of physical and physical-biological modelling is veiy wide and covers a
variety of different model approaches. Approaches range from 0-day simplified
empirical or statistical models to very complex, highly resolved, detailed or small-
scale process models to complex-process, three-dimensional, globally integrated,
biogeochemical models. A basic introduction to the numerical approaches and
concepts behind the state-of-the-art models used to resolve early life stages of fish
was presented by North es al. (2009) and aimed at early career modellers and lay-
readers. This manual includes an extensive discussion of particle-tracking models
and parameterizations utilized within individual-based models (IBMs) of larval fish.
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However, other topics, such as hydrodynamic models, NPZD models, and the links
between IBMs and NPZD models, were covered only superficially. This section is
intended to fill this gap, address the state-of-the-art, and emphasize the uncertainties
that limit a model’s predictive capacity with respect to the following topics:

e hydrodynamics;

o lower trophic-level dynamics;

e current long-term simulation on regional scales;

e higher trophic-level dynamics and closure of ecosystems;

e processes not currently addressed.

Physics

The essential requirement for spatially resolved modelling of marine ecosystems in a
varying climate is a hydrodynamic core capable of simulating spatial and temporal
variability in the abiotic environment. Previously established schools in
hydrodynamic modelling differ in their choice of vertical coordinates (particularly
geopotential vs. isopycnal vs. terrain-following) and finite-element vs. finite-
difference methods. Although unstructured meshes and finite elements represent the
next generation of ocean models (e.g. Pain et al., 2005), the most robust and mature
hydrodynamic models are still based on structured-grid, finite-difference modelling.
This last approach is also the most common in current ocean global-climate
modelling, e.g. HAMSOM (HAMburg Shelf Ocean Model; Schrum and Backhaus,
1999); POLCOMS (Proudman Oceanographic Laboratory Community Model System;
Holt and James, 2001); ROMS (Regional Ocean Modelling System; Shchepetkin and
McWilliams, 2005). The long history of these developments, and the efforts spent in
the validation and optimization of existing model systems, allows for robust, stable,
and efficient simulations, which are critically important attributes for high-quality,
long-term simulations. The choice of grid (B-grid vs. C-grid), and the inclusion of
free-surface, vertical-mixing schemes and boundary-layer-resolving modelling, are
additional differences among hydrodynamic models.

The different concepts and numerical methods used in hydrodynamic modelling
have their advantages and disadvantages (see the discussion in Haidvogel and
Beckmann, 1999). A great amount of literature exists on the shortcomings of the
particular approaches for specific areas. Shortcomings are interrelated and include,
for example, internal-pressure, gradient, and truncation errors in sigma or terrain-
following coordinate models (e.g. Berntsen and Thiem, 2007; Allen et al., 2003), and
the weak representation of bottom-boundary currents in geopotential or z-level
models (e.g. Beckmann and Doescher, 1997; Doescher and Beckmann, 2000), or of
intersecting isopycnical layers with the sea surface. Depending on the particular
application and region, these errors may produce deviations in transports that are in
the order of magnitude of typical mean ocean currents [O(10-1ms-1)]. Berntsen and
Thiem (2007) demonstrated that even the same model (in this case, the ROMS model),
when used with different numerical schemes (all of them implemented in the
standard coding), can produce deviations in water transport that are in the order of
the mean signal and can even lead to reversal of the original transport signal (Figure
4.1).
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Figure 4.1. Modelled stream function in the Norwegian Sea using the ROMS model with
implementation of two different numerical algorithms. (Figure from Berntsen and Thiem, 2007.)

Model intercomparisons, such as those performed for the North Sea in the frame of
the EU project NOMADS2 (NOrth sea Model ADvection Study 2; Delhez et al, 2004),
have highlighted the problem and provided an impression of the range of results that
can be achieved using different model approaches for hindcasting. The example in
Figure 4.2 displays the modelled temperature differences between the surface layer
and the rest of the water column. Here, differences of more than 5°C in mean area
temperature occur among the different models. Similarly, the different models
demonstrate large deviations in volume transport across a section in the northern
North Sea. Here, the range of deviations of the average transports is on the order of
magnitude of 2, and even the direction of net flow (inflow or outflow) seems to

deviate.
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Figure 4.2. Evolution of temperature difference between the upper 20 m and the rest of the water
column in nine different models. Comparison performed in the NOMADS2 project. (Figure from
Delhez et al., 2004.)

The problems and identified uncertainties are highly relevant when modelled tirne-
series are used to study ecosystem dynamics and when temperature, salinity, or
transports are used as input data for biological models. It is therefore essential that
the physical models used in ecosystem research are validated in detail. These
validations need to be comprehensive, addressing different time- and spatial-scales,
and involving a large number of variables. Specific outcomes from these validation
exercises are quantitative measures of model performance in the simulation of
climatic-induced variability and estimation of model bias for the climatic mean result.
Such detailed validations have currently been performed and published for only veiy

few models. The most extensive uncertainty analysis on interannual time-scales has
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been performed for ECOSMO (ECOSystem MOdel; Janssen, 2002; Janssen et al, 2001;
Figure 4.3). Uncertainty analysis for model physics utilizing a two-year simulation
has been performed for POLCOMS-3d ERSEM (European Regional Seas Ecosystem
Model, Physics; Holt ez al.,, 2005; see Figure 4.4). Broader efforts to validate ecosystem
model parameters are still rare, and most material has been published for the
POLCOMS-3d ERSEM (Lewis et dl, 2006; Allen et al, 2007a; Figure 4.5), with
validations limited to only a two-year simulation. Hence, even for this model, it is yet
unclear how well it reproduces interannual variability.
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Figure 4.3. Temperature bias (left) and comparison of modelled and observed SST anomalies
(right) for the ECOSMO model. (From Janssen et al., 2001.)
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et al., 2006.)



ICES Cooperative Research Report No. 301

4.4

4.5

Furthermore, the identified deviations and uncertainties from hydrodynamic
modelling, which are highly relevant to coupled, physical-biological modelling
using state-of-the-art NPZD models, has been highlighted by Skogen and Moll (2005).

NPZD concepts and modules

Different regional model systems for coastal ocean and shelf waters have evolved
over the years, and a variety are currently implemented and coupled with Eulerian
lower trophic-level ecosystem modules. Full referencing is impossible, so we will
concentrate on model developments, particularly the modelling of long-term (and
climatic) variability of three-dimensional hydrodynamics and their impact on
ecosystem dynamics. Each of the following state-of-the-art models employs different
solution strategies.

North Sea. Models include NORWECOM/POM (NORWegian ECOlogical
Model/Princeton Ocean Model; Skogen et al., 1995, 2004); ECOSMO (Schrum et al.,
2003, 2006a, 2006b); ROMS-NORWECOM (only offline coupled, see Svendsen et al.,
2007); ECOHAM v3 (ECOsystem model HAMburg, version 3; Patsch and Kiihn,
2008); and POLCOMS-3d ERSEM (Allen et al., 2001).

Baltic Sea. The major model systems used are: ERGOM (Baltic Sea Ecosystem Model;
Neumann, 2000); ECOSMO (see above); and the RCO-SCOBI (Rossby Centre Ocean —
Swedish Coastal and Ocean Blogeochemical model; M. Meier, pers. comm.; physics
only, e.g. Meier et al., 2003). Recently, the Danish Meteorological Institute (DMI) has
implemented a model system for the North and Baltic seas based on the operational
model of the Bundesamt fiir Seeschiffahrt und Hydrographie, Germany
(http://www.bsh.de). Long-term simulations are planned but have not yet been
performed.

Barents Sea. Similar systems are applied: SINTEF (Stiftelsen for industriell og teknisk
forskning; Slagstad and McClimans, 2005; Wassmann et al., 2006); ECOSMO (physics
only; Harms et al., 2005; Schrum et al., 2006a); and ROMS-NORWECOM (offline
coupled, as described by Svendsen et al., 2007).

Bay of Biscay and English Channel. The hydrodynamic MARS-3D model has been
developed at Ifremer and used for long-term integrations (Huret et al., 2007; Lazure
and Dumas, 2008). MARS-3D is currently coupled to an ecosystem module to be used
for long-term simulations (ECO-MARS-3D).

Long-term simulations

Only a few examples of multidecadal, coastal-ocean hindcasts have been published.
These include: the 40-year (1960—-1999) simulations of the Irish Sea with POLCOMS
(Young and Holt, 2007); the 1958-2004 simulations of the North and Baltic seas
conducted with HAMSOM (ECOSMO hydrodynamic core, see Schrum et al., 2003);
the recently performed hindcasts conducted with ROMS/POM-NORWECOM
(Skogen et al., 2007); and the RCO model simulations for the Baltic Sea (Meier et al.,
2003).

Coupled physical-biological simulations are rare and include the 25-year simulation
with ECOSMO (available online at ftp://ftp.uib.no/pub/gfi/corinna/RECLAIM/) in the
North and Baltic seas, and the offline simulation with ROMS (Svendsen et al., 2007). A
table summarizing the state-of-the-art for most coupled (physical-biological) and
uncoupled (physics only) long-term runs performed in the coastal waters of the
Northeast Atlantic and the North, Baltic, and Barents seas, including published and
unpublished work, was published in the interim status report of the European
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COastal-shelf sea Operational observing and forecasting system (EU-IP ECOOP,
2007; Table 4.1).

Table 4.1. Compilation of currently available long-term, coupled, physical-biological and purely
hydrodynamic model runs (undisturbed climate mode) in major key institutions in Europe
(IMR =Institute of Marine Research, Bergen, Norway; UiB-GFI=University of Bergen,
Geophysical Institute, Bergen, Norway; POL/PML =Proudman Oceanographic Laboratory/
Plymouth Marine Laboratory, UK; IOW =Institute for Baltic Sea Research, Warnemiinde,
Germany; SMHI =Swedish Meteorological Hydrological Institute, Norrképing, Sweden; Ifremer,
France.) Table taken from ECOOP interim status report (EU-IP ECOOP, 2007) and modified to
exclude unavailable runs and include the Bay of Biscay.

LONG-TERM SIMULATIONS, AUGUST 2007 BEGIN END RESPONSIBLE PERSON
IMR: Global ROMS (physics, 20 km res.) 1958 2005 P. Budgell

IMR: North Atlantic/Arctic NORWECOM/ROMS (prim. prod. 20 km res.) 1981 2006 M. Skogen

IMR: North Sea+ POM (physics, 10 km res.) 1985 2005 M .Skogen

IMR: North Sea+ NORWECOM/POM (prim. prod. 10 km. res.) 1985 2005 M.Skogen

IMR: North Sea, ROMS future climate (test) 2070 2100 B. Adlandsvik
UiB-GFI: ECOSMO North Sea/Baltic (physics, 10 km) 1958 2004 C. Schrum
UiB-GFI: ECOSMO North Sea/Baltic (physics, 10 km) 1979 1993 C. Schrum
UiB-GFI: ECOSMO North Sea/Baltic (physics, prim, prod., sec. prod., 10 km) 1980 2004 C. Schrum
UiB-GFI: ECOSMO Barents Sea (physics, 7 km) 1958 1997 C. Schrum

POL: NE Atlantic (physics, 12 km) 1960 2005 R. Proctor/I. Allan
POL/PML: NE Atlantic (physics + ERSEM, 12 km) 1988 2005 R. Proctor/I. Allan
POL/PML: NW Shelf (physics + ERSEM, 7 km) 1988 2000 R. Proctor/I. Allan
IOW: ERGOM Baltic Sea (coupled physical*biological, 3-9 nautical miles) 1960 2000* T. Neumann
SMHI: RCO-SCOBI, Baltic Sea (coupled physical®biological, 6 nautical miles) 1902 1998 Kari Eilola

SMHI: RCO-SCOBI, Baltic Sea (coupled physical®biological, 6 nautical miles); 2071 2100 Kari Eilola

climate change scenarios

SMHI: RCO-SCOBI, Baltic Sea (coupled physical®biological, 6 nautical miles); 1902 1998 Kari Eilola
nutrient reduction scenario

SMHI: RCO-SCOBI, Baltic Sea (coupled physical*biological, 6 nautical miles); 2071 2100 Kari Eilola
nutrient reduction scenario

Ifremer: MARS-3D, Bay of Biscay, hydrodynamics only 1990 2007 Martin Huret

*partly extensions to 2003.

Closure, higher trophic variability, uncertainties, and limitations

The three-dimensional ecosystem modules currently being used to study marine
ecosystems and related environments are still quite simple. Typically, they resolve
the ecosystem under consideration into as many as three nutrient cycles and one or
two functional groups of phyto- and Zooplankton. Additionally, oxygen and one or
more detritus class(es) are considered. Models of intermediate complexity, such as
ERGOM (Baltic Sea Ecosystem Model; Neumann, 2000), SINMOD (SINtef ocean
MODel; Slagstad and McClimans, 2005; Wassmann et al, 2006), and ECOSMO
(Schrum et al, 2006a), are closed by prescribing Zooplankton mortality, whereas
models containing only one trophic level (phytoplankton) prescribe mortality caused
by Zooplankton grazing. Models operating in three dimensions that include a third
trophic level (e.g. planktivorous fish) are veiy rare. One example is ERSEM, which
has been applied within the North Sea and British coastal waters (POLCOMS-
ERSEM; Allen et al., 2001; Blackford et al, 2004; Holt et al, 2005; Allen et al, 2007a,
2007b). A second example is NEMURO (North Pacific Ecosystem Model for
Understanding Regional Oceanography) and NEMURO.FISH (NEMURO For
Including Sauiy and Herring; see Kishi ez al, 2007a, 2007b).
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More complex, higher trophic-level models simulating end-to-end ecosystem
dynamics, such as the EcoSim ecological/optical model (Bissett et al., 1999a, 1999b,
2004), have been linked only offline to the spatially integrated output of three-
dimensional hydrodynamic models (Harvey et al., 2003; Christensen and Walters,
2004), and little has been done to incorporate these within spatial-explicit approaches.
Consensus on how to build a more complex system has yet to be reached. The most
prominent issues concern the lack of dynamic closure on higher trophic levels, which
currently poses an important limitation on the predictive potential of ecosystem
models for use in studies of climate-impact and/or ecosystem-based fishery
management approaches (Cury et al., 2003).

A variety of models, with various levels of complexity and usefulness, are available
for evaluating the ecosystem effects of fishing (see Robinson and Frid, 2003). These
models have been used to make predictive estimations ultimately for management
purposes, particularly in the last few years. This has been undertaken with non-
dynamic models for testing scenarios and the response of the ecosystem to changes in
effort and spatio-temporal area closures (e.g. Dinmore et al., 2003; Zeller and Reinert,
2004; Hiddink et al., 2006a). Dynamic ecosystem models had been identified as
potentially powerful tools. However, their immediate applicability to considerations
of ecosystem effects of fishing is limited by the lack of detailed representation of
higher components of the foodweb (Robinson and Frid, 2003).

Recently, spatially explicit modelling approaches have been applied to resolve
recruitment dynamics for different fish species by either (i) employing complex,
three-dimensional species-specific IBMs (Hinrichsen ¢t al., 2002; Daewel et al., 2008a),
or (ii) utilizing three-dimensional model estimates of integrated primary production
as a proxy for recruitment potential (Svendsen et al., 2007). These spatially explicit
approaches are generally tailored to particular processes, such as bottom—up control
or food limitation. These models focus on early, passively drifting life stages and do
not yet included juvenile and adults (life-cycle closure). Therefore, they are currently
of limited applicability to the resolution of climate-driven changes in population
dynamics. Scenarios based on these models cover only the bottom—up control of the
early life stages (and not top—down/predation mortality). Moreover, uncertainties
arise because of coupling issues: larvae IBMs require size spectra input, whereby
NPZD models provide total biomass (Daewel et al., 2008b).

The simplicity of model approximations, the lack of closure, and the diversity of
concepts can be problematic when it comes to the assessment of climatic variability
impacts, marine resource management, and predictions of potential scenarios. Impact
studies carried out by Denman and Pefia (2002) demonstrated that model estimates
were significantly influenced by different ecosystem model concepts. Moreover,
hydrodynamic model and coupling mode accounted for significant differences in the
ecosystem assessments reported by Skogen and Moll (2005). In these assessments,
extensive tuning was required before a simple ecosystem model could be used within
another hydrodynamic framework; in addition, the best-fit simulations, employing
two different ecosystem cores, exhibited significant deviations (twofold or greater) in
local annual mean primary production (Figure 4.6) and clear differences in modelled
interannual variability (Figure 4.7). The two ecosystem modules estimated different,
even reversed, trends in total productivity, a fact that would significantly affect
scenario predictions based on these concepts. The relevant conclusion from this study
is that research is needed to identify valid model systems (i.e. to identify the key
processes that need to be included for estimation of total productivity) for respective
regions in order to ensure the scientific quality and value of scenario predictions.
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Figure 4.6. Mean annual production (g C m-2 year-1) from the NORWECOM model (left panel)
and the ECOHAM1 model (right panel; figures from Skogen and Moll, 2005).
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Figure 4.7. Mean annual production (gCrrr2 year-) from the NORWECOM and ECOEIAMI1
models. (Figure from Skogen and Moll, 2005.)

Other processes not currently addressed in state-of-the-art models

The range of processes not yet addressed is much broader. Deterministic
consideration of climatic-induced changes in the ecosystem, such as ocean
acidification (Bellerby et ah, 2005) and changes in species composition (Beaugrand er
ah, 2002), which will affect uptake, growth, and mortality rates, are currently not
incorporated in state-of-the-art, spatially explicit, ecosystem models. Moreover,
feedback mechanisms from biology to the physical system, which are currently not
included for most of the models, are becoming increasingly important for the quality
of modelled thermodynamics (Morel and Antoine, 1994; Ohlmann et ah, 2000a, 2000b)
and atmospheric response (Shell et ah, 2003). Their importance has been
demonstrated for global and climate models, but their effects have been generally
ignored for regional and coastal models. However, Gentsch (2001) demonstrated that
consideration of these mechanisms in a coastal-ocean model, by using monthly mean
chlorophyll data, leads to changes in modelled sea surface temperatures (SSTs) of up
to 2°C, which is far from negligible. This is expected to directly affect stratification
intensity, nutrient fluxes, baroclinie transports, and temperature distribution in the
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water column; hence, its consideration is of crucial importance for the quality of
oceanographic models.

There is also an urgent need to improve light modelling in order to allow reliable
simulation of lower trophic-level dynamics (especially in the coastal zone). Therefore,
it is imperative to consider as state variables not only the biogeochemical properties,
but also the inherent optical properties (IOP), such as absorption and backscattering,
and to compare results directly with estimates from remotely observed or in situ-
measured quantities. Conversion of biogeochemical properties into optical
parameters is also needed to realistically model the underwater light field, which is
used as input to calculate model processes, such as photosynthesis and
photochemistry. The optical consequences of seawater constituents, including
dissolved materials, phytoplankton, and non-algal particles (NAP), need to be
included in ecosystem models. The interaction of light with these materials needs to
be computed in order to obtain realistic depth- and wavelength-resolved light fields.
However, with very few exceptions (e.g. Bissett ef al., 1999b), most ecosystem models
do not include the physics and bio-optics associated with the underwater light field.
The development of ecosystem models that incude optics was recently
recommended by Rothstein et al. (2006), who reviewed the state-of-the-art of
modelling harmful algal blooms. Climate change is expected to have consequences
for the light regime in the atmosphere (cloud cover, aerosols) and in the coastal seas
(turbidity from land discharge or resuspension of sediments in shallow areas). Such
changes will affect, in turn, lower trophic-level productivity and, thereby, the entire
ecosystems.
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Disentangling climate from anthropogenic effects

Brian MacKenzie and Asbjnrn Christensen

Introduction

Disentangling the effects of different drivers of variability in fish populations has
been difficult for several reasons. For many of the populations and species of interest
(e.g. those in estuarine, coastal, and shelf seas), some of the most important drivers
(e.g. exploitation, eutrophication, habitat change) have intensified at approximately
the same time during the past few decades or before the start of most time-series of
analytically derived or survey-based estimates of abundance (Lotze and Worm, 2009).
Hence, potential causes are often correlated over long time-scales and/or we are now
investigating a new forcing (climate change) on populations in ecosystems whose
structure and function have changed significantly from those present when the level
of human impact was lower (Jackson et al, 2001; Lotze et al., 2006). In addition, there
are often synergies between the different drivers (Brander, 2010; Perry et al, 2010;
Planque et al, 2010). For example, exploitation may make populations more
vulnerable to other perturbations (Anderson et al, 2008), including climate change.
New and alternative methods and approaches are therefore necessary if progress is to
be made.

In this section, we identify some of the methods which have been developing in
recent years and which are helping to resolve the relative impacts of the different
drivers and how their interactions affect fish populations. It is recognized that the
effects do interact; for example, cod populations in the Northeast Atlantic are more
likely to be influenced by the NAO when biomass is low (e.g. as a result of
exploitation) than when it is high (Brander and Mohn, 2004). Hence fishing could
make populations more vulnerable to the effects of climate change and other drivers
on population abundance and foodweb dynamics (Anderson et al, 2008; Brander,
2010; Daskalov et al,, 2007; MacKenzie et al, 2007; Perry et al, 2010; Planque et al,
2010).

Potential approaches

5.2.1 Historical marine ecology

This approach involves the recovery of data from periods when anthropogenic effects
(fishing and eutrophication) were less marked than in recent decades and compares
past biological responses with climate variability. The approach is being followed in
several programmes (e.g. retrospective and palaco-oceanographic tasks within
GLOBEC; Histoiy of Marine Animal Populations project in its Census of Marine
Life). Data can be either written (e.g. landings, effort, distributions, sizes of fish;
Poulsen, 2010) or non-written (e.g. fish remains at palaco-oceanographic and
anthropological sites; Erneis et al, 2010; Finney et al, 2010). The recovery and
interpretation of data is most effective when investigators from both natural (e.g.
fisheries, oceanography) and social (e.g. histoiy, economics) scientific disciplines are
involved.

There are now several examples of how this approach yields valuable information
about fish populations and biodiversity during periods when the impacts of fishing
and eutrophication were much less than today. Time-scales and time periods range
from multidecadal to millennial (e.g. the early 1900s to prehistory). Examples of time
periods, species, and regions are summarized in the literature (Pitcher, 2001; Pinnegar



ICES Cooperative Research Report No. 301 | 45

and Engelhard, 2008; Poulsen, 2010; Emeis et al. 2010; Finney et al., 2010). These
examples demonstrate that some populations underwent major variations in
abundance long before there were any major human influences (i.e. climate
variability has affected population abundance and productivity in the past), and that
the abundance and distribution of most populations of what are considered the most
desirable species have been severely reduced. Cumulatively, these studies
demonstrate the levels of variability in abundance and distribution that might be
expected under the regime of historical levels of anthropogenic impacts. They also
provide potential baselines for rebuilding populations and ecosystems, and for
identifying future levels of sustainability and potential climate-related changes in fish
communities (Jackson et al., 2001; Enghoff et al., 2007; Pinnegar and Engelhard, 2008).

Care must be exercised when applying these historical levels to future recovery
scenarios, because climate change in particular may occur at rates faster than in the
past, and some populations and species may not be evolutionarily adapted to these
rates (ICES, 2005d). In addition, recoveries or maintenance of present-day
populations could be delayed or reduced as a result of changes to their life histories
and characteristics caused by the various impacts of fishing (e.g. loss of population
structure, including age, size, or genetic components). These changes may be less
conducive to sustainability under future climate scenarios, particularly if exploitation
is maintained at high levels. For example, fishery-induced changes in life histories
could influence the interactions of individual populations or species in foodwebs.
Finally, the species composition of present-day or future communities and
ecosystems may differ from that expected, based on past knowledge, because of
recent species invasions or transfers (Daskalov et al., 2007) and because future
foodweb structure and functioning may be sensitive to initial (present-day) species
composition. Hence, exploitation can and does interact with other drivers, including
climate change, to affect population vulnerability to exploitation (Perry, et al., 2010;
Planque et al., 2010).

5.2.2 Experimental approaches

Carefully designed experiments can identify the critical tolerance thresholds to
specific abiotic variables of different life-history stages and the vulnerability of
individuals to species interactions and fluctuations in habitat characteristics
(including substratum complexity and abiotic conditions; Portner and Knust, 2007;
Rijnsdorp et al., 2009). These approaches can be used to interpret past fluctuations in
abundance and distribution, to estimate how populations and species could respond
to new combinations of abiotic and biotic conditions in future, and to identify
potential tipping points for the maintenance of key structuring species (e.g. prey or
predator species) in foodwebs. For example, detailed physiological measurements
have revealed the vulnerability of a North Sea fish species (eelpout (Zoarces
viviparus)) to the combined effects of temperature and acidification (Portner and
Knust, 2007). In the Baltic Sea, knowledge of the tolerance of cod (Gadus morhua) and
sprat (Sprattus sprattus) eggs to salinity, temperature, and oxygen concentration
(Wieland et al., 1994; Vallin et al., 1999; Nissling, 2004) allows identification of critical
habitat sizes and distinction of environmental effects from fishery effects on
multiannual population dynamics (MacKenzie and Koster, 2004; Koster et al., 2005).

Experiments conducted in situ avoid potential fish stress reactions that create bias in
measurements. This approach involves direct manipulation of fishing effort via
closed or reduced-effort areas, or via spatial comparison of the effects of long-term
differences in fishing effort on populations, communities, and ecosystems in
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neighbouring areas. Responses can be monitored over time for the detection of
changes in biotic parameters (e.g. abundance, biodiversity, size). As most areas of
interest are exploited commercially, the establishment of planned marine protected
areas (MPAs) offers valuable opportunities to capture datasets of ecosystem
responses with strong contrasts. Unfortunately, past monitoring activities
accompanying MPA establishment have not been sufficiently intensive or
comparable (Halpern, 2003) to allow the clear separation of the interacting
anthropogenic and ecosystem factors required for further isolating the climatic factor.

5.2.3 Comparative approaches across space

Local (regional-scale) variations in fish populations and foodweb structure over
moderately long time-scales (multidecadal) can often be useful indicators of overall
levels of population productivity and ecosystem sustainability, or tolerance of human
impacts. Spatial comparisons allow identification of relative effects of fishing and
climate variability, because spatial differences in levels of exploitation and
environmental variability may be greater than those experienced by individual local
populations. These methods can be meta-analytical and at individual species or entire
community and ecosystem levels. Examples include:

i) pan-Atlantic comparisons of cod stock—recruitment relationship
parameters related to population reproductive rate and carrying capacity
(Myers and Mertz, 1997; Myers et al., 2001; Mantzouni et al., 2010);

ii) effects of primary productivity on fishery yield across ecosystems in the
northeast Pacific (Ware and Thomson, 2005; Leggett and Frank, 2008);

iii) effects of climate variability on the productivity of small pelagic clupeids
(Cury and Roy, 1989; Bakun, 1996).

Consequently, knowledge of spatial responses to driving factors can be useful to
understand how temporal variations might affect local populations and their
interactions with other species. For example, cod recruitment or recruitment/spawner
biomass in the North Atlantic is correlated with temperature (Planque and Frédou,
1999; Drinkwater, 2005), but the direction of the relationship (positive—negative)
depends on geography (positive in colder areas, negative in warmer areas). Sprat
recruitment in the Baltic and Black seas varies with temperature in a geographically
specific manner, similar to that for cod (MacKenzie and Koster, 2004). In nearly all of
the cod and sprat examples, correlations within sites were relatively weak, but the
cross-system comparisons were stronger.

The meta-analytic approach has recently been extended to the entire ecosystem level
in order to evaluate the relative roles of top—down (i.e. fishing) and bottom-up
controls on foodweb structure and function (Frank et al., 2006; Leggett and Frank,
2008). By compiling abiotic and biotic datasets across several trophic levels in several
Northwest Atlantic ecosystems, it is now possible to see that the relative importance
of control mechanisms varies geographically in structured ways and, to some extent,
with temperature and overall level of primary productivity.

5.2.4 Advances in process modelling and model interfacing

Process modelling plays a key role in quantifying climate-change impact, because
climate-change predictions from statistical modelling are, of necessity, based on
extrapolation rather than interpolation. There has been major progress in process
modelling of both oceanic responses to climate variability/change and the
productivity and structure of marine ecosystems themselves (deYoung et al., 2004b).
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However, some technical issues remain (Kattsov et al., 2001; Arzel et al., 2006) for
operational, global-general-circulation models (GCMs), and many qualitative and
quantitative differences remain between predictions of alternative GCMs (Sarmiento
et al., 2004). The inclusion of the upper trophic levels and their interaction with lower
trophic levels also remains a challenge (Oguz and Gilbert, 2007), because this task
crosses disciplines and coupled models are generally computer-intensive. Moreover,
the interface between climate and ecosystem models is still comparatively primitive,
and much could be gained from standardizing the interface protocol and improving
certain technical aspects of the interface exchange (e.g. feedback mechanisms).

As a result of these limitations, the combined consequences of climate
change/variability and human impacts (e.g. fishing, eutrophication, and invasive
species) are suboptimally represented, and the full range of uncertainty to variation
in future driver magnitude is not completely represented by current model outputs.
New attempts to link the models more effectively will increase model realism and
sensitivity to different drivers. Upper trophic entities are most often modelled in
Lagrangian individual-based models (Grimm, 1999), because even complex
mechanisms are easy to implement in this framework. However, Lagrangian
approaches are less suitable when density effects and rare events are important. Here,
Eulerian techniques must be used, but methodological developments are needed in
this field (Thygesen ef al., 2007). Another salient question at the modelling frontier
concerns the optimal complexity representation required to achieve the best
predictive power of models. Evidence (Constanza and Sklar, 1985; Fulton et al., 2003)
strongly suggests that increasing model complexity does not generally improve the
predictive skill of a model, and a set of design paradigms for guiding the choice of
model complexity is important for future developments in the field.

5.2.5 Advances in statistical modelling approaches

In recent years, new modelling and statistical approaches have been developed which
allow evaluation of the responses of fish populations and communities to fishing,
climate, and other anthropogenic drivers. These approaches can be based on
community-level data and typically focus on the nature of changes in size
composition of entire fish communities over time (Jennings and Blanchard, 2004;
Andersen and Beyer, 2006; Pope et al., 2006; Jennings and Brander, 2010). Shape and
slope of size spectra could be used to identify and quantify the effects of fishing and
climate change on entire fish communities. Additionally, size-spectrum theory can be
used to estimate the relative influence of climate change and fishing on maturity-
reaction norms (Christensen and Andersen, submitted), which are considered to be a
sensitive ecosystem probe. One of the main diagnostic features associated with the
spectral analyses is the fishing-related reduction in abundance of large fish over time
(Pauly et al., 1998).

Other recently developed and applied statistical modelling approaches include the
development of non-parametric and non-linear time-series analyses that can
accommodate complex (e.g. threshold) responses of fish populations to changing
intensities of density-independent and density-dependent control (Stenseth et al.,
2002; Ciannelli et al., 2004, 2005), including species interactions within and among
populations (Hjermann et al., 2004a, 2007). These approaches are able to quantify past
variations in more realistic ways than linear parametric approaches and are more
likely to resolve relative impacts of various human drivers on fluctuations in fish
populations. They could be used to identify the times at which regime shifts occurred
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and, thereby, major changes in fish productivity induced by, for example, climate
variability.

5.2.6 Genetic approaches

Modern genetic methodologies are providing new insight into the sensitivity of fish
populations to the impacts of fishing and climate variability (ICES, 2005d, 2006p).
Fish populations undergo evolutionary changes in their life histories (e.g. age-at-
maturity) when exposed to long periods of intensive fishing pressure (ICES, 2006p;
Jorgensen et al., 2007) and, in some cases, entire locally adapted populations can be
eliminated by exploitation (Hiddink ef al., 2008a). Losses of natural genetic variation
in life-history and physiological capacity caused by fishing or climate variability
could increase the risk of population collapse. In addition, fish species consist of
populations and individuals with different genotypes, which can confer advantages
under changing climatic conditions. As environmental conditions change in time and
space, the frequencies of particular genotypes may also change. For example, there
are strong spatial gradients in the intraspecific genetic variability of several fish
species (e.g. cod, herring, turbot) through the Danish straits into the Baltic Sea, which
overlap the strong salinity gradient (Nielsen et al., 2003, 2004; Bekkevold et al., 2005).
Climate-related changes in salinity will probably affect the spatial distributions of
these subpopulations. Also, the pantophysin (PAN I) locus has been used in
comparative studies of cod populations in the Northeast Atlantic. Variations in
frequencies of different alleles are, to some extent, correlated with spatial variations
in temperature and salinity (Case et al., 2005). However, temporal variations during
much of the 20th century seem relatively small for populations in the North and
Baltic seas, and around the Faroe Islands, and were not correlated with changes in sea
temperature (Nielsen ef al., 2007).
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6.1

Marine European climate: past, present, and future
Kenneth F. Drinkwater

Introduction

It has long been known that physical forcing strongly affects marine ecological
processes. As early as the 1870s, Spencer Fullerton Baird, an American fisheiy
biologist, recognized the importance of the environment in generating fluctuations in
fish stocks (Lehodey et al., 2006). The expected links between the environment and
fish stocks have played a significant role in the strong emphasis on hydrographic
data collection by ICES since its inception in 1902. At about the same time, a
systematic search began for relationships between physical conditions and different
aspects of fish stocks (Helland-Hansen and Nansen, 1909). A strong warming period
in the North Atlantic during the 1920s and 1930s led to significant changes in the
distribution and production of several commercially important fish species, as well as
in other components of the marine ecosystem (Jensen, 1939; Cushing and Dickson,
1976; Cushing, 1982), resulting in the first-ever meeting on climate change (ICES,
1949).

By the mid-1900s, the mechanisms through which the physical environment affects
primary production had been elegantly elaborated by Sverdrup (1953). New
sampling methods began to reveal the extent of the ocean's variability in the 1960s
and 1970s, and it became increasingly clear that physical variability and its influence
on marine ecology occurred over a multitude of spatial and temporal scales. By the
1990s, the role of large-scale atmospheric forcing, such as the North Atlantic
Oscillation (NAO) and the Pacific Decadal Oscillation (PDO), in determining changes
in the marine environment were being firmly established. Increasingly, attention is
turning to the role of future climate change and its possible influence on marine
ecosystems.

This section reviews the knowledge of past climate variability and future climate
change in European waters. The objective is to provide background for this and many
of the other sections in this report that deal with past and possible future impacts of
physical forcing on the marine environment, especially commercially important fish
species.

This section includes: the identification of climate and physical oceanographic
variables that are most important in influencing ecological processes (Section 6.2);
brief descriptions of the physical background, ie. topography, hydrographic
conditions, and mean circulation (Section 6.3); ocean climate variability during the
past 100 years, with emphasis on the NAO and the Atlantic Multidecadal Oscillation
(AMO:; Section 6.4); projected climate scenarios under global climate change and their
effects on physical oceanography (Section 6.5); and a summary of the results (Section
6.6).

Climate is the slowly varying aspects of the atmosphere-hydrosphere-land system
that are characterized statistically in terms of long-term averages and variability of
climate elements, such as temperature, precipitation, winds. The period over which
the "average" is determined is typically 30 years, as recommended by the World
Meteorological Organization. Climate variability is the temporal variation around this
average state and is associated with time-scales ranging from months to millennia
and beyond, that is, longer than those associated with synoptic weather events do.
Natural climate variability refers to climate variations caused by factors such as
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changes in solar radiation, volcanic eruptions, or internal dynamics within the
climate system (Hasselmann, 1976), and pertains to any influence that is not
attributable to, or influenced by, activities related to humans. Human effects on
climate, such as those caused by greenhouse gas emissions or land use, are termed
anthropogenic influences.

Climate change, on the other hand, is any systematic change in the long-term
statistics of climate elements from one state to another where the new state is
sustained over several decades or longer. The new state might be the result of
changes in the mean level, the characteristic variability, or both. Climate change
arises from both natural and anthropogenic causes. The United Nations Framework
Convention on Climate Change (UNFCCC) has restricted its definition of climate
change to causes arising directly or indirectly from human activity only, whereas it
regards climate variability as changes attributable to natural causes. In recent years,
this definition of climate change has often been adopted by the media, in policy
documents, and in some scientific literature and has also been used interchangeably
with global warming. Examples of natural climate change include shifts between ice
ages and the warmer interglacial periods. In historical times, it includes
multicentenial changes in the northern hemisphere, ranging from warm periods, such
as the “Medieval Warm Period” (AD 890-1170), to colder periods, such as the “Little
Ice Age” (AD 1580-1850; Osborn and Briffa, 2006). In the following, however, we
restrict our use of the term climate change to that caused by humans.

On multidecadal scales, the shift in the North Atlantic, from the generally warm
period of the 1930s, to the 1960s, the colder period in the 1970s and 1980s, and the
return to warm conditions in the 1990s, is known as the Atlantic Multidecadal
Oscillation (AMO; Kerr, 2000). The AMO fits within the definition of climate change
because it is multidecadal, but it perhaps fits better as an example of longer term
climate variability. Other examples of climate variability include the strong decadal
fluctuations associated with changes in atmospheric pressure systems, such as the
North Atlantic Oscillation (NAQ; see Sidebar 6.1).

Identification of important abiotic factors affecting marine ecological
processes

As one of the main aims of RECLAIM (RECovery of Logbooks and International
Marine data) is to understand the role of physical forcing on marine ecology in
European waters, it is important first to identify which of the abiotic variables are
most important to biological processes. The important physical oceanographic
variables for marine ecological studies include temperature, salinity, vertical density
stratification, circulation patterns, upwelling, and sea ice. Temperature is important
because of its effects on metabolism and on feeding and developmental rates. Salinity
appears to have a less direct effect on organisms except at very low salinities (perhaps
generally <10). However, salinity does have an important indirect effect because of its
influence on stratification. Vertical density stratification affects mixing and, hence,
nutrient fluxes to the surface layer. Also, stronger near-surface vertical stratification
tends to result in more carbon being recycled in the upper layers of the water column
and, hence, favours pelagic organisms, whereas weaker near-surface vertical
stratification tends to result in more carbon reaching the benthos and demersal fish
species. Circulation patterns influence water-mass boundaries, which in turn,
influence species distributions. Currents also affect drift of particles, including
phytoplankton, some zooplankton, and fish eggs and larvae. Upwelling influences
nutrients and, hence, phytoplankton production, which in turn, affects higher trophic
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levels. Sea-ice formation and melting affects the salinity and stratification of the
underlying waters. It also provides habitat for large marine mammals.

Sidebar 6.1. The North Atlantic Oscillation

The North Atlantic Oscillation (NAQO), the dominant mode of atmospheric variability
over the North Atlantic (Walker and Bliss, 1932; Hurrell, 1995; Hurrell et ah, 2003),
involves north-south shifts in air masses between the subtropical and subpolar
regions of the Atlantic. It is associated with changes in the large-scale, atmospheric-
pressure patterns, particularly the Icelandic Low and the Azores High. The high- and
low-pressure systems tend to weaken or strengthen at the same time, which gives rise
to the oscillation. The NAO index is usually represented by the pressure difference
between Iceland and the Azores (Rogers, 1985), Lisbon (Hurrell, 1995), or Gibraltar
(Jones et ah, 1997), typically in winter. A positive NAO index is associated with a
stronger north-south pressure gradient, stronger winds across the Atlantic, and
warm conditions in northern Europe. The opposite occurs during negative NAO

years.

Conditions under NAO negative conditions (left) and NAO positive conditions (right; courtesy of
Martin Visbeck).
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Time-series of anomalies of the DJFM NAO index (dashed line =annual values; solid line =five-
year running means; based on data from http://www.cgd.ucar.edu/cas/jhurrell/indices.html).

It is important to remember that many of these physical oceanographic variables are
forced by the atmosphere. The important atmospheric variables include air
temperature, precipitation, cloud cover, air pressure, and wind. The first two
variables are important because of their effect on ocean temperature and salinity.
Precipitation also determines river run-off and, together with air temperature,
seasonal freshwater discharges into the ocean. Cloud cover affects the amount of
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solar radiation reaching the ocean surface and is therefore important in determining
phytoplankton production. By changing light availability in the water column, it can
also affect the feeding rates of some organisms. Changes in large-scale air-pressure
patterns give rise to the NAO (Sidebar 6.1) and other climate indices. They also
influence the winds, which in turn, determine the amount of vertical mixing in the
water column and, hence, influence nutrient replenishment of the near-surface layers
and feeding rates of small organisms through turbulence levels. Wind also drives
ocean circulation patterns and upwelling. Air temperature, wind, and precipitation,
through their effects on evaporation, determine the heat fluxes to or from the ocean to
the atmosphere.

Is it possible to rank the importance of these atmospheric and oceanic variables in
terms of their influences on the marine ecosystems for different regions, such as the
open ocean, shelf areas, and coastal waters? Although the importance of the variables
changes regionally, some general conclusions can be reached. Ocean temperature,
because of its pervasive effect on organisms, will be important in all of the regions.
Stratification is also of major importance in all regions because of its effect on the
vertical structure of ecosystems. The major effects of wind on ecology are usually
through mixing and circulation changes in the open ocean but, in the shelf and
coastal regions, upwelling may become more important, depending on the wind
direction and coastal orientation. Sea ice is only important in more northern regions,
such as the Barents and the Baltic seas.

Physical background

In the first part of this section, the topographic features of the different regions are
presented, because topography not only influences circulation and the ocean’s
response to atmospheric forcing, but also often affects biological processes (e.g. the
strength of benthic—pelagic coupling, the ability of zooplankton to undergo
diapauses). In the second part, hydrographic conditions and circulation patterns in
the various regions are discussed, as it is important to know the mean conditions
before discussing their temporal changes.

6.3.1 Topography

Throughout this paper, the term “Northeast Atlantic” refers to the region east of the
European shelf. This consists of a deep abyssal plain that stretches westward to the
Mid-Atlantic Ridge. Depths are typically 2000-4000 m. Occasional seamounts dot this
landscape, with the volcanic archipelagos of the Azores, Madeira, and Canary islands
to the south and Rockall Bank off Scotland to the north. The northern boundary is the
Greenland—-Scotland Ridge, which separates the Nordic seas from the rest of the
North Atlantic. The Nordic seas include the Greenland, Norwegian, and Iceland seas.
The first two seas reach depths of more than 3500 m, whereas the shallower Iceland
Sea is mostly <2000 m. Northeast of the Norwegian Sea lies the Barents Sea. This is
one of several shallow shelf seas that collectively form the continental shelf of the
Arctic Ocean and is surrounded by the Norwegian Sea to the west, Novaya Zemlya
to the east, Norway and Russia to the south, and the deep Arctic Ocean to the north.
The Barents Sea has an area of 1.4 million km?, with an average depth of 230 m and a
maximum depth of approximately 500 m near the western entrance.

Farther south, between the UK and continental Europe, is the North Sea, a broad
gradual slope from a depth of 100—-150 m in the north to <50 m in the south. In the
east, seawards of the Norwegian Shelf, lies the deeper (>200 m) Norwegian Trench.
Including estuaries and fjords, the total surface area of the North Sea region is
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approximately 750000 km?2. To the southeast is the Baltic Sea, a shallow, semi-
enclosed region, with a total area of 415000 km?, that includes its narrow entrance,
the Kattegat. The Baltic Sea has a complex topography consisting of several basins
separated by ridges and shelf regions. To the southwest, the North Sea is connected
to the Celtic and Irish seas by the English Channel. The shallow (<90 m) Irish Sea lies
between Britain and Ireland and has an area of ca. 100 000 km?. The Celtic Sea covers
the area between southern Ireland, the English Channel, and the shelf break. Farther
south is the Bay of Biscay, bordered to the east by France and to the south by Spain. It
includes both a shallow shelf (<200 m) and a deep (maximum depth >4000 m) abyssal
plain and has an area of ca. 223 000 km?.

The Iberian coastal area includes the narrow continental shelf and adjacent slope off
Portugal and north Spain. To the east, through the narrow (14 km) Strait of Gibraltar,
lies the Mediterranean Sea. This is ca. 3680 km long, with an average width of 700 km,
and is divided into the western and central Mediterranean, which are separated by
the straits of Sicily and by the eastern Mediterranean. The western Mediterranean
(mean depth ca. 1600 m) consists of two deep basins: the Algero—Provengal Basin and
the Tyrrhenian Sea. The central Mediterranean includes the Adriatic and Ionian seas,
and the eastern Mediterranean includes the Aegean Sea and the Levantine Basin. The
Black Sea is an oval-shaped basin located north of Turkey, with an area of ca.
464000 km? and a maximum depth of 2200 m. It is connected to the Aegean Sea
through the shallow Bosphorus Strait, the Marmara Sea, and narrow Dardanelles.

6.3.2 Hydrography and general circulation

Before describing the general physical oceanographic conditions in the different
European regions and seas, it is worth mentioning that the Northeast Atlantic is
strongly influenced by large-scale, ocean-circulation patterns (Sidebar 6.2). This
includes the transport of warm waters into the Northeast Atlantic, which contributes
significantly to the relatively warm conditions in northern Europe compared with
similar latitudes elsewhere in the northern hemisphere. Also important is the deep-
water convection that occurs in the Greenland Sea, as well as in the Labrador Sea to
the west (Sidebar 6.2).

Northeast Aflantic

To the east of the European Shelf lies the anticlockwise Subpolar Gyre, which extends
across the entire northern North Atlantic (Figure 6.1) and carries relatively cold
freshwater from the Labrador Sea into the Northeast Atlantic. South of the Subpolar
Gyre lies the warmer, saltier, clockwise Subtropical Gyre. Its northern boundary is
the Gulf Stream extension, known as the North Atlantic Current (NAC; Figure 6.1).
As the NAC approaches Europe, it splits, with one branch flowing north into the
Norwegian Sea and the other flowing south to join the Subtropical Gyre. The
Subpolar Gyre varies in strength and is believed to have weakened or slowed down
during the 1990s relative to earlier times (Hakkinen and Rhines, 2004). Coincident
with the slow-down is a westward retraction of the eastern boundary, which allows
more of the north-flowing, high-salinity branch of the NAC into the Norwegian Sea
(Hatan et al., 2005). This branch takes three main routes into the Norwegian Sea:
through the Faroe—Shetland Channel, over the Scotland-Iceland Ridge, and through
Denmark Strait eastwards across the Iceland Sea (Helland-Hansen and Nansen, 1909;
Hansen and Usterhus, 2000).



Resolving climate impacts on fish stocks

Sidebar 6.2. The Thermohaline Circulation

Spatial differences in temperature and salinity generate density-driven circulation
patterns that redistribute water masses between the equator and the poles. In the
Atlantic, this drives the Thermohaline Circulation (THC), which carries warm water
northwards via the Gulf Stream system and is part of the global "conveyor belt"
circulation that links the world's oceans (Broecker, 1991). The other important
component is the Meridional Overturning Circulation (MOC), because of sinking of
winter-cooled water in the Greenland Sea. The Gulf Stream, together with the heat
carried by atmospheric lows moving northeastwards across the Atlantic, ensure that
Europe is much warmer than equivalent latitudes in North America (an average of
6°C warmer at 44°N and 15°C warmer at 63°N).
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The thermohaline circulation (THC) is a global-ocean, circulation pattern that distributes water
and heat both vertically, through the water column, and horizontally across the globe
(www.ucsusa.org). Red =surface currents; blue =deep currents; white circles =areas of deep-water
convection.

Nordic seas

Some of the warm, salty (7°C, >35 psu) Atlantic Water that enters the Norwegian Sea
flows into the North Sea, but most of it continues northeastwards through the
Norwegian Sea (Figure 6.1), cooling and freshening en route (Blindheim, 1989;
Blindheim ei al, 2000). The cooling is a result of both air-sea interaction and mixing
with the cooler waters in the Norwegian Sea, whereas the freshening is caused by
mixing with Norwegian Sea water and by exchange and mixing with the Norwegian

Coastal Current Waters that occupy the continental shelf off Norway.

The Atlantic Water in the Norwegian Sea extends from the surface to approximately
800 m depth. A branch of the Atlantic Water enters the Barents Sea (Figure 6.1), but
most of the flow continues north along West Spitsbergen to form part of the West
Spitsbergen Current (Blindheim, 2004). It again splits, some flowing into the Arctic
Ocean and the remainder circulating southwards into the Greenland Sea (Figure 6.1),
where it mixes with Polar Water emanating from Frarn Strait (Helland-Hansen and
Nansen, 1909; Blindheim, 2004; Blindheim and Osterhus, 2005). This admixture,
known as Arctic Water, is separated from the Atlantic Water by the Arctic Front. This
front tends to follow the Mohn Ridge between the Norwegian and Greenland seas
and the Jan Mayen Ridge between the Norwegian and Iceland seas (Blindheim, 2004).

Sea ice, both formed locally and advected from the Arctic, covers much of the eastern
Greenland Sea for most of the year (Vinje, 2001). Deep convection occurs in the
Greenland Sea each winter as a result of surface cooling caused by overlying cold air


http://www.ucsusa.org

ICES Cooperative Research Report No. 301

masses and strong winds (Rhein, 1991, 1996; Dickson et al., 1996). This cold, dense
water forms the Greenland Sea Deep Water that flows through the Norwegian Sea
and eventually out into the Atlantic through the bottom of the Faroe-Shetland
Channel (Hansen and Osterhus, 2000). It joins the outflow of dense, cold, bottom
waters from the Denmark Strait and flows around the Labrador Sea and south along
the eastern margin of North America (see Sidebar 6.1).
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Figure 6.1. A schematic of the surface circulation in the northern North Atlantic. (From AMAP,
1998.)

Barents Sea

The Atlantic Water that enters the Barents Sea continues to cool and freshen as it
makes its way east and north before exiting the Barents Sea, principally between
Novaya Zernlya and Franz Josef Land (Loeng, 1991; Schauer et al, 2002). Cold, fresh
Polar waters from the Arctic enter the Barents Sea, mainly between Svalbard, and exit
south of Spitsbergen (Figure 6.1; Loeng, 1991). A narrow transition zone, called the
Polar Front, separates the Atlantic and Polar water masses (Loeng, 1991; Harris et al,
1998; Parsons et al, 1996). Winter convection in the Barents Sea also provides cold
intermediate water to the Arctic Ocean to a depth of 1200 m through sinking and
subsequent northward advection through the Norwegian Sea (Schauer ez al, 1997).
Sea ice typically covers the northern and eastern regions of the Barents Sea in winter
(Loeng, 1979; Vinje and Kvambekk, 1991).

North Sea

Most of the Atlantic Water that flows from the Norwegian Sea into the northern
North Sea enters via the Norwegian Trench, with a lesser amount coming in north of
the Shetland Islands. These flows contribute to the general southward circulation that
exists in the western North Sea and, together with the Norwegian Coastal Current,
contribute to a mean anticlockwise circulation pattern (Figure 6.1; Helland-Hansen
and Nansen, 1909; Winther and Johannessen, 2006). Large quantities of freshwater
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enter the southern North Sea through discharge from rivers, especially those in the
Netherlands and Germany, as well as from the Baltic Sea outflow.

Baltic Sea

To the southeast of the North Sea lies the Baltic Sea. Large freshwater run-off into the
Baltic creates low salinities (<10-20 psu in the surface layers) with strong horizontal
salinity gradients (Kullenberg, 1981). The circulation is characterized by
anticlockwise circulation around the basins and a general surface outflow (Figure
6.2). The latter eventually flows out through the Kattegat and Skagerrak and
combines with the low-salinity waters in the southern North Sea to form the
Norwegian Coastal Current (Helland-Hansen and Nansen, 1909; Satre, 2007). The
renewal of the water in the deep basins of the Baltic Sea occurs through a wind-
driven exchange of water with the North Sea (Matthdus and Schinke, 1994; Lehmann
et al., 2004). This happens only intermittently, which often results in stagnant waters
and anoxic near-bottom conditions in the Baltic Sea. Sea ice forms in the Baltic Sea
during winter, on average covering 40% of its total area, and the length of the ice
season extends for upwards of six months in the northern regions (Granskog et al,
2006).
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Figure 6.2. The surface circulation in the Baltic Sea. (From the Philippartet al, 2007a.)

Irish and Celtic seas and the English Channel

Much of the Irish Sea is tidally mixed, except for a stratified patch west of the Isle of
Man, and it is bounded to the north and south by tidal fronts. The remainder of the
Irish Sea, as well as the Celtic Sea and Western English Channel, are strongly
stratified, but with many pronounced surface fronts. The English Channel becomes
less stratified from west to east, with the eastern basin being tidally mixed (Pingree
and Griffiths, 1978).

Bay of Biscay

Water masses in the upper layers (100-600 m) of the Bay of Biscay are derived mostly
from North Atlantic Central Water (NACW), with temperatures varying between
10.5° and 12°C and salinity between 35.45 and 35.75 psu (Boucher, 1985). From 600 to
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1500 m, the water masses are of Mediterranean origin. The relatively weak residual
currents over the shelf in the northern Bay of Biscay are directed northwestwards
(Pingree and Le Cann, 1989), whereas farther south, there is a marked seasonal
variability, with the flow being northwest during winter and southeast during the
rest of the year (Le Cann, 1982). In the vicinity of the larger estuaries (e.g. the Loire
and the Gironde), run-off results in low-salinity surface waters that turn and flow
north.

Iberia

The Iberian coastal region has a weak circulation pattern, but with seasonal
variability (Valdes and Lavin, 2002). Upwelling is predominant in the region, with
the most intensive and geographically extensive upwelling occurring along the west
Iberian coast. Several rivers enter along the Galician coast, producing low-salinity
surface waters. One of the main oceanographic features is the Iberian Poleward
Current (IPC), which carries warm, salty waters from the Mediterranean Sea (Figure
6.3). This current is part of a general flow north along the edge of the European shelf
that extends from the Iberian Peninsula to the northern North Sea.
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Figure 6.3. The surface circulation in Iberian waters. NAC =North Atlantic Current; IPC =Iberian
Poleward Current; AzC =Azores Current. (From the Philippart et al., 2007a.)

Mediterranean Sea

The Mediterranean Sea is an inverse estuaiy with relatively cold, lower-salinity
surface water entering through the Strait of Gibraltar from the Atlantic Ocean
(Robinson er al,, 2001). Although the circulation in the major basins tends to be
anticlockwise, there is also a general east-flowing surface current throughout the
Mediterranean Sea (Figure 6.4). As the waters move eastwards, they become warmer
and saltier. The increasing salinity is caused by evaporation exceeding freshwater
input (a combination of precipitation and river run-off). The density of the water also
increases eastwards and eventually sinks, primarily in the vicinity of the Levantine
Basin (Robinson et al,, 2001). This high-salinity water then tends to flow west at depth
and eventually spills out through the Strait of Gibraltar below the surface inflow
(Béthoux et al, 2002). It flows down the continental slope until it reaches an
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equivalent density at ca. 1000 m. Part of the flow moves along the slope of the Iberian
Peninsula (Ambar et al, 1986; Coelho et al, 2002). In addition, some of the water
separates to form distinct eddies, called "Meddies", which move slowly through the
eastern Atlantic and can be traced by their high salinities and temperatures.

‘Winter circulation
Summer circulation

Figure 6.4. The surface circulation in the Mediterranean Sea. (From the Philippart ez al., 2007a.)

Black Sea

Large quantities of freshwater run-off enter the Black Sea, the primary river being the
Danube. These contribute to an anticlockwise circulation, known as the Rim Current,
in the near-coastal regions around the Black Sea. The circulation in the deep basin, on
the other hand, is dominated by two anticlockwise gyres (Figure 6.5). The relatively
high run-off also maintains a low-salinity surface layer throughout the Black Sea.
Relatively warm, salty water from the Mediterranean intermittently enters through
the Bosphorus Strait and, being of higher density than the surface waters in the Black
Sea, sinks into the subsurface layers. This maintains strong stratification, resulting in
little mixing between the two layers. Consequently, the subsurface waters are not
reoxygenated and become anoxic.

Sea of Azov

Figure 6.5. The surface circulation pattern in the Black Sea. (From the Philippart et al., 2007a.)

Ocean variability

Like the atmosphere, the ocean undergoes variability at a multitude of temporal
scales, ranging from daily to centennial and longer. Because our primary interest is in
the longer term responses of the marine ecology to ocean variability, especially of
fish, and because these occur mostly at interannual time-scales or greater, it is these
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scales that are the focus of this discussion. However, there are two important things
to remember.

i)  These longer time-scales are caused by persistence at the shorter time-
scales, e.g. interannual variability in stratification or upwelling in an area
may be caused by more frequent or more intensive windstorms passing
overhead every few days, or higher temperatures may be caused by
more northerly storm tracks bringing warm air from the south.

ii) The temporal and spatial scales tend to be linked, so that interannual
changes may be consistent within a region, interdecadal changes
between regions, and multidecadal changes at ocean-basin scales.

6.4.1 The North Atlantic Oscillation

At interannual to decadal time-scales, much of the ocean variability in European
waters is linked to the NAO (see Sidebar 6.1; Hurrell, 1995). One of the first to
examine the surface temperature response in the North Atlantic to the NAO index
was Bjerknes (1962). In most European waters, a positive NAQ index produces warm
conditions (Visbeck et al., 2003). Although the NAO index captures variability in the
north-south pressure gradient, it does not reflect changes in the centre of action of
the pressure systems in the east—west direction. Such changes do occur; indeed, there
has been a more easterly distribution of these centres since the late 1970s compared
with earlier decades (Lu and Greatbatch, 2002; Jung et al., 2003). These can change the
relationship between the NAO and local oceanographic responses.

Nordic and Barents seas

Although much of the temperature variability in the Barents Sea is associated with
variations in the NAO index (Ottersen and Stenseth, 2001; Dippner and Ottersen,
2001; Ingvaldsen, 2005), the strength of the temperature—-NAO correlations varies
temporally, increasing after the early 1970s; this was attributed to an eastward shift in
the Icelandic Low (Ottersen et al., 2003). In the Norwegian Sea, the Atlantic Current
tends to be stronger and more closely confined to the Norwegian coast, whereas it is
weaker and extends farther offshore during its negative phase (Blindheim et 4l., 2000;
Skagseth et al., 2004). Blindheim et al. (2000) also suggested a positive correlation
between the Atlantic inflow into the Barents Sea and the NAO index, a result
supported by current-meter data (Ingvaldsen, 2005) and consistent with the
temperature relationship.

Baltic Sea

The interannual variability of the Baltic Sea is also modulated by the NAO. Baltic sea-
level elevations are positively correlated with the NAO index through its effect on
winds (Andersson, 2002). There is temporal variability in the strength of the
correlations and the highest values were obtained during the last couple of decades.
At times, however, local winds that are not correlated with the NAO can also be
important in determining sea-level elevations. Freshwater run-off and salinity in the
Baltic are also correlated with the NAO index, with higher run-off and, subsequently,
lower salinities tending to occur during NAO positive years. High NAO years are
also associated with reduced ice cover in the Baltic Sea (Launiainen et al., 2001).

North Sea and Bay of Biscay

In the central North Sea, NAO positive conditions result in warmer sea surface
temperatures (SST; Pingree, 2005). This is believed to result from increased inflow of
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Atlantic Water into the North Sea, as well as increased heat input from the
atmosphere. On the other hand, reduced circulation of the North Atlantic Current
and increased flow north along the European Shelf edge occur during negative NAO
phases (Pingree, 2002, 2005). During such years (“Navidad” years), warm water
enters the Bay of Biscay and can propagate northwards along the shelf to the west of
Ireland (Pingree and Le Cann, 1989; Pingree, 2002). In exceptional Navidad years, the
poleward warming extends as far north as Norway (Garcia-Soto et al., 2002).

Iberia and the Mediterranean Sea

From high-resolution, palaeoclimatic records for western Iberia, the NAO was found
to determine the variability in precipitation-river input during cold periods
(negative NAO) and marine upwelling during warmer periods (positive NAO), a
scheme that is reversed in the Galician region (Lebreiro et al., 2006). The NAO is also
the main factor influencing winter rainfall patterns and temperature over the
Mediterranean region (Krichak and Alpert, 2005).

Black Sea

The NAO predominantly regulates variations in the Black Sea (Oguz et al., 2006).
Relatively cold and dry winters occur during the positive phase of the NAO, and
milder and wetter winters during its negative phase. The NAO teleconnection is
further modulated by the East Atlantic—West Russia (EAWR) atmospheric pattern,
comprising the low- and high-surface-pressure-anomaly centres over the North
Atlantic and Eurasia (Oguz et al., 2006). During the 1980s, the upper water column of
the Black Sea cooled significantly in response to large increases in the NAO index,
with a >1.5°C drop in the winter mean SST in the early part of the decade.

6.4.2 The Atlantic Multidecadal Oscillation

In addition to the variability mentioned above, there is evidence of multidecadal
variability with a period of 60-80years. This period is known as the Atlantic
Multidecadal Oscillation or AMO (see Sidebar 6.3).

Northeast Atlantic, Nordic seas, and Barents Sea

During the 1920s and 1930s, there was an increase in the transfer of heat from low to
high latitudes (Brooks, 1938; Ahlmann, 1949; Rogers, 1985). This was caused by the
Icelandic Low pressure system being located farther east than usual, which resulted
in southerly winds pumping warm air into northern Europe and over the Nordic seas
(Overland et al., 2004). After 1925, average air temperatures began to rise rapidly and
continued to do so into the 1930s. They remained relatively high, although variable,
into the 1950s and until cooling began in the 1960s. Sea temperatures also rose, not
only in surface layers (Thomsen, 1937; Jensen, Ad. S., 1939; Smed, 1947, 1949; Téning,
1953), but also in subsurface waters down to 500 m off West Greenland (Jensen, Ad.
S., 1939; Dunbar, 1946) and in the deep waters of the Barents Sea (Drinkwater, 2006).
The warming was accompanied by a reduction in sea ice, e.g. in the Iceland Sea
(Lamb and Johnson, 1959; Schell, 1961), in the Barents Sea (Beverton and Lee, 1965),
around Svalbard (Brooks, 1938), and in the Barents and Kara seas (Ahlmann, 1949).
Modifications in the ocean circulation patterns, in addition to the air—sea fluxes,
contributed to the warming of waters in the north. There is thought to have been
increased flow of Atlantic Water to the west and north of Iceland that pushed the
colder East Icelandic Current farther offshore, consistent with sea-ice distribution and
the increased southwesterly winds off northern Iceland (Stefansson, 1954). The
branch of the North Atlantic Current west of Svalbard increased in strength (Brooks,
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1938), along with the inflow of Atlantic Water to the Barents Sea (Bengtsson et al,
2004).

Sidebar 6.3. The Atlantic Multidecadal Oscillation

The Atlantic Multidecadal Oscillation (AMO) index is defined by the SST pattern in
the North Atlantic (Kerr, 2000; Sutton and Hodson, 2005) and is associated with the
variability in the MOC (see Sidebar 6.1). Through much of the Northeast Atlantic, the
Nordic and Barents seas, south to the Celtic Sea, and into the North Sea, the general
pattern is one of relatively cold in the early part of the 20th century, warm from the
1920s to 1960s, cool through the 1970s to 1980s, and warm during the last decade of
the 20th century and into this century. The highest temperature changes associated
with the AMO occur in the northern regions.
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The sea surface temperature variability associated with the AMO index obtained from
www.worldclimatereport.com.

By the 1960s, temperatures had cooled in these regions, sea ice had expanded, and the
flow of the NAC had decreased. During the past decade, there have again been high
air and sea temperatures throughout much of the North Atlantic, with the largest
increases occurring in northern regions (Johannessen et al, 2004; ICES, 2006i).
Convection in the Greenland Sea, caused by winter cooling, has decreased to the
extent that deep waters are no longer being renewed. The southerly outflow through
the Faroe-Shetland Channel decreased by 20% in the past 50 years (Hansen et al,
2001), and there is evidence from satellites that the north flow of surface waters has
decreased since the 1970s (Hékkinen and Rhines, 2004). In the deep, south-flowing
waters of the Greenland Sea, there has been a 40-year trend towards decreasing
salinity that has spread throughout much of the northern North Atlantic (Dickson et
al., 2002), causing a general freshening of the whole Atlantic (Dickson et al, 2003;
Curry et al., 2003).

In the Barents Sea, temperatures, as measured at the western entrance and along the
Kola Section off Russia, have been relatively high since the beginning of the 1990s,
and 2001-2005 has been the warmest five-year period since 1900 (Lien et al., 2006).
This has been caused both by increased air temperatures caused by reduced heat lost
to the atmosphere and by warmer Atlantic Water inflow to the Barents Sea. Although
the volume flux of the inflow has declined in recent years, the Atlantic W ater itself is
much warmer (Lien et al, 2006). Coinciding with the high temperatures, sea-ice
coverage has declined, with a record low in winter 2005 (Sorteberg and Kvingedal,
2006). Warmer than normal temperatures have also been observed off West
Spitsbergen as a result of the influx of the warm waters of the West Spitsbergen
Current (Walczowski and Piechura, 2006). Waters in the Greenland Sea have also
being warming since the 1990s, especially in deep waters (Figure 6.6).
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Figure 6.6. Time-series of temperature with depth (left panel) in the central Greenland Sea (area
shown in right panel). The black dots in the left panel represent station data. (From
www.ices.dk.)

In Iceland, sea temperatures and salinities have increased, both off the south coast,
which is bathed in warm Atlantic Waters, and off the north coast, where there tend to
be fluctuations between warm Atlantic Waters from the south and west and Arctic
Waters from the north. Long-term monitoring of the two regions has demonstrated a
gradual increase in salinity and temperature in the south since 1996 (Malmberg and
Valdimarsson, 2003; ICES, 2006i) and a continuous warm period since the mid-1990s
in the north (ICES, 2006i). In the south, there has been a temperature rise of ca. 1°C
and a salinity increase of 1 psu. In the north, the changes have been higher: 1.5°C and
1.5 psu respectively. The latter is a result of the increased flux of warm Atlantic W ater
(Jonsson and Valdimarsson, 2005) and is related to a decrease in the southerly winds
along west Iceland (Logemann and Harms, 2006). From model studies, Logemann
and Harms (2006) found that, during the period 1997-2003, decreasing southerly
winds caused a 30% increase in the volume and heat transport by the Atlantic Waters
around west Iceland, leading to a warming of North Icelandic Shelf waters by 0.5°C.

North Sea

In the North Sea, two climatic periods stand out within the past 50 years. During the
most recent change, in the late 1980s, a pronounced modification occurred in large-
scale, hydrometeorological forcing and ecosystem parameters, including a marked
increase in oceanic inflow and SST (Beaugrand, 2004). This warm-temperate period
has continued to the present day. The previous change occurred in the late 1970s and
was characterized by low temperatures and salinities, a reduced inflow of Atlantic
water, and cold Boreal conditions (Reid ez al., 2003).

Celtic Sea, Irish Sea, Bay of Biscay, and Iberia

Observations of SSTs in the Celtic Sea reveal that, following a warm period in the
1880s, temperatures cooled until the early 20th century, increased from around 1920,
and remained warm until the 1960s (Southward er al., 2005). A cooler period followed
the extremely cold winter of 1962/1963 and continued well into the 1980s; since then,
accelerated warming has been apparent. Similar changes have been seen in the Bay of
Biscay (Planque et al, 2003a; Blanchard and Vandermeirsch, 2005), the Irish Sea
(Evans et al, 2003), and the eastern English Channel (Woehrling et al, 2005). The
recent rapid warming in surface temperatures (0.055°Cyearnl over 30 years) has
occurred in all of the oceanic areas of the Bay of Biscay, but the increase was not

significant in coastal areas (Koutsikopoulos et ah, 1998; Llope et ah, 2006). In locations


http://www.ices.dk

ICES Cooperative Research Report No. 301

6.5

very near the north coast of Spain, the SST long-term trend appears to be negative
(Borja et al., 2002). A decreasing salinity trend in surface and subsurface waters
towards the southern Bay of Biscay has been observed from the mid-1990s (Gonzalez-
Pola et al., 2005). An average sea-level rise of 2.12-2.91 mm year ! in the past 50 years
was detected in the northwest Iberian Peninsula (Marcos et al., 2005), with a 6.5 mm
year~! rise between 1991 and 2001. A decreasing trend in the upwelling index and the
seasonality of upwelling off the north coast of Spain has also been detected (Llope et
al., 2006). Recent evidence points to large-scale warming of the Mediterranean basin
(Béthoux et al., 1990; Astraldi ef al., 1995; Walther et al., 2002).

Projections of climate change

The latest IPCC (2007) report concludes that anthropogenically induced global
warming is well underway and that temperatures are projected to continue to rise.
These projections or scenarios are generated from coupled, atmosphere—ocean,
global-circulation models (GCMs). These suggest that annual air temperatures will
rise throughout Europe relative to recent conditions, with the lowest increase (1-2°C)
in the Mediterranean, Iberian, and North seas, the Northeast Atlantic, and southern
Nordic Sea regions. Temperature increases will be higher (4-6°C) in the more
northern regions, such as the northern Nordic seas and the Barents Sea, and highest
(up to 7°C) in the Arctic (ACIA, 2005). Owing to its high capacity to store heat, the
ocean will not warm quite as much as the land. Throughout Europe, the frequency of
extreme high air and ocean temperatures will increase, and extreme low
temperatures will decrease. There will be a decrease in the daily temperature range,
with night-time lows increasing more than daytime highs.

Precipitation and run-off will increase in northern Europe and the Arctic, but
decrease in warmer regions, such as the Mediterranean (IPCC, 2007). In the Arctic,
annual precipitation is projected to increase by 20%, with a 30% increase during
winter (ACIA, 2005). With the increase in temperature, more precipitation will fall as
rain in northern and upland regions, resulting in an increase in run-off in winter and
a decrease in spring. At higher altitudes, much of the precipitation will continue to
fall as snow in winter, but the spring peak in run-off will occur slightly earlier. The
intensity of winter rainfall events north of 45°N is expected to increase, whereas, to
the south, there will be an insignificant change or a decrease (Frei et al., 2006). In
central Europe, river run-off will change by ~10% by the 2050s, but this is smaller
than the observed natural multidecadal variability (Hulme et al., 1999). In
Mediterranean regions, the range in river flows between winter and summer will
probably increase considerably, whereas in maritime western Europe, the increase
will be less.

As temperatures rise, sea-ice coverage will decrease, with most climate models
suggesting an ice-free summer in the Arctic by 2100 (Teng et al., 2006). In the Barents
Sea, the winter ice edge is projected to retreat northwards at a rate of ca. 10 km year
and be ice-free by 2070 (Furevik et al., 2002). A significant loss of ice cover in the
western Nordic seas is expected, which, by 2070, will be restricted to the
northwestern Greenland Sea and the Baltic. The projected melting ice and increased
precipitation and river run-off in northern latitudes will lead to decreases in surface
salinity in the order of 0.5-1psu in the Arctic Ocean, the western regions of the
Nordic seas, and in the Baltic by the 2070s (Furevik et al., 2002). Atlantic waters in the
Nordic seas will spread farther eastwards and northwards, there will be more
continental run-off (partially compensated by high-salinity Atlantic water), and the
surface mixed-layer depth will increase as a result of stronger winds.
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During the 21st century, there might be a gradual weakening by ca. 20% in the MOC
(Hadley Centre'). Modelling studies to date, however, suggest that cooling of
northern Europe caused by the reduced MOC is unlikely to happen in the next 100
years, and that the current trend of warming is likely to continue, with increases of
2°C and more over this time frame.

With melting ice caps and higher ocean temperatures, sea level is expected to rise
throughout the globe by 13-68 cm by the 2050s. Low-lying areas adjacent to regions
with low tidal range, such as the coasts of the Mediterranean, Baltic, and Black seas,
are more vulnerable than most of the Atlantic Ocean and North Sea coasts (Nicholls
and Mimura, 1998). As a result of the strong tidal regime and the effects of storm
surges, many of the coastal regions of the North Sea, especially in the south, are
particularly susceptible to rising sea levels and an increase in the frequency and
severity of storms.

Climate-change simulations for the Baltic suggest temperature increases during all
seasons, with a mean annual warming of 3-5°C in the atmosphere and 2-4°C in 55T
by the end of the 21st century (Graham et al., 2006). One consequence is a decrease in
the extent of sea ice by 50-80% over the same period. Winters will probably be wetter
and, in the southern parts of the region, summers will probably be drier. As a
consequence, winter river flows are expected to increase by as much as 50%, with the
opposite pattern in summer.

Regional climate-change scenarios around the North Sea predict an increase in air
temperature of 2-3.5°C by the 2080s, with high summer temperatures becoming
more frequent, and very cold winters becoming increasingly rare (e.g. Hulme et al.,
2002; van den Hurk ef al., 2006). Water temperatures will also increase, but not as
rapidly as over land. In the Bay of Biscay and English Channel, the predicted rise in
temperature is 1.5-5°C over the next 100 years. Temperature changes along the
northwest Iberian and French Atlantic coasts should be evident in the first half of the
21st century (Alcock, 2003).

The changes in wind over European marine areas remains uncertain, although the
average and extreme windspeeds over northern Europe (IPCC, 2007) are expected to
increase. The total number of cyclones in the Mediterranean Sea is expected to
decrease, but it is unclear whether the number of intensive cyclones will change
(Pinto et al., 2006).

Summary

This brief review of the marine climate of the Northeast Atlantic demonstrates, from
examination of past variability, that atmospheric forcing plays a very important role
in controlling ocean variability. A significant proportion of the low-frequency (time-
scales up to a decade) variability in the various regions of the North Atlantic are
related to large-scale atmospheric patterns, such as the NAO. The NAO is a dominant
atmospheric mode in the North Atlantic, and the NAO index is a measure of the
atmospheric pressure difference between the Icelandic Low and the Azores High.
Changes in this index have been related to variability in air temperatures and winds,
as well as to sea temperatures and ocean circulation patterns in the Northeast
Atlantic. The AMO is the dominant mode of variability at time-scales of 60—-80 years
and is related to the basin-wide ocean sea temperature patterns in the North Atlantic.

! http://www.met-office.gov.uk/corporate/scitech0304/MetOfficeScience0304.pdf
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However, it should be noted that there is still debate among dimatologists and
oceanographers as to whether or not the AMO is a true recurring phenomenon and,
thus, a natural occurring climate mode. Although the NAO and AMO may account
for much of the observed variability in physical ocean variables in the Northeast
Atlantic, local climate conditions may also play an important role, and their nature
and relative importance compared with the large-scale modes varies from region to
region.

An important climate feature in recent years has been the rise in water temperature in
much of the Northeast Atlantic, owing to increased warming of air temperature and,
more importantly, to changes in circulation patterns. These are carrying more of the
concern to governments and the public at large. Much research is being expended to
improve projections of future oceanographic conditions under climate change. It is
clear that the Northeast Atlantic marine areas will continue to heat up in future. The
challenge is to determine by how much, as well as to determine how other ocean
variables might change. These are required in order to determine the impacts on the
biological components of the marine ecosystem.
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Primary and secondary production
Christian Méllmann

Introduction

Marine plankton is a particularly good indicator of climate change for the following
reasons (Hays et ah, 2005): (i) there are no exploitation effects to confound the effect of
climate; (ii) planktonic species are short-lived and, hence, respond quickly to physical
oceanic conditions; and (iii) non-linear responses of plankton communities may
amplify subtle environmental changes (Taylor et ah, 2002). The benefits are
counterbalanced by the generally low availability of long-term time-series for marine
phyto- and Zooplankton (Hays et ah, 2005).

Climate can affect marine plankton in a number of ways. Central to the
climate-plankton link is the effect of local weather on the timing and magnitude of
stratification (Hays et ah, 2005). Along with this comes variability in light levels,
surface temperature, and nutrient recycling from deep layers, influencing
phytoplankton growth and, hence, bottom-up processes of ecosystem regulation
(Richardson and Schoeman, 2004). In addition to the indirect effect via
phytoplankton, climate-induced changes in the physical environment (e.g.
temperature, salinity, and advection) may directly affect Zooplankton via physiology
(Ottersen et ah, 2004). Climate eventually affects the abundance and biomass of
phyto- and Zooplankton as well as their spatial (distribution) and temporal
occurrence (phenology), altogether affecting the amount of food available to fish in
time and space. Here, we review time-trends in phyto- and Zooplankton, mainly in
the eastern North Atlantic region, and their relation to climate-induced changes in the
physical environment.

Changes in phytoplankton standing stocks and species composition

Climate-related trends in primary production on the scale of the world ocean have
been identified from satellite measurements of ocean colour and ocean ecosystem
models. Satellite-based investigations suggest that warmer surface temperatures will
result in lower oceanic biomass and productivity (Behrenfeld er ah, 2006), because
increased stratification of the water column reduces nutrient supply for
photosynthesis. This link between phytoplankton production and climate is found
primarily in the tropics and mid-latitudes, where thermal stratification limits vertical
mixing. Ocean ecosystem simulations support these results by demonstrating
decreases in primary production attributable to increased temperatures intensifying
stratification (Boyd and Doney, 2002; Le Quéré et ah, 2003; Sarmiento et ah, 2004).
These studies, however, also reveal increased primary production at higher latitudes,
which is attributable to improved mixed-layer light conditions and extended growing
seasons (Polovina et ah, 1995).

For the North Atlantic, only a few time-series studies have been published that
investigate long-term phytoplankton trends in relation to climate change. The major
source of information is the colour index provided by the Continuous Plankton
Recorder (CPR; Corten and Lindley, 2003). Investigations on the scale of the North
Atlantic demonstrated an increase in phytoplankton during the period 1948-2000
(Reid et ah, 1998a; Edwards er ah, 2001; Barton et ah, 2003; Leterme et ah, 2005). This
trend parallels the increase in temperature caused by the North Atlantic Oscillation
(NAO:; Reid ef ah, 1998b; Edwards ef ah, 2001). The time-series of the NAO index and
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phytoplankton colour are, however, uncorrelated after removing the time-trend
(Barton et al., 2003). Nevertheless, there are parallel trends between NAO-related
climate effects and phytoplankton indices in the Northeast Atlantic Shelf (Barton et al.
2003). Phytoplankton is affected mainly by light, as well as by nutrient availability
and temperature, which, in turn, are affected by advection of water masses and by
water column stratification. For the period 1948-1970, it seems likely that relatively
cool sea surface temperatures (SS5Ts) and atmospheric conditions, together with
increased northerly winds, reduced stratification and, hence, lowered nutrient
availability. This may have limited phytoplankton production, whereas the opposite
conditions have increased phytoplankton production during 1970-2000 (Barton ef al.,
2003). Although the first period was associated with predominantly negative values,
the later period was characterized by mainly positive NAO-index values (Hurrell,
1995).

Recent studies confirm an increase in phytoplankton standing stocks since the late
1980s as part of the North Sea regime shift, but suggest that nutrient availability was
not the driving force. Using the CPR phytoplankton colour index and satellite-
derived chlorophyll a data, McQuatters-Gollop et al. (2007) demonstrated that
improved light conditions caused increases in phytoplankton production. In the
recently less turbid North Sea, phytoplankton became free from light limitation and
can now use the decreasing nutrients in the area more effectively. Similarly, Llope et
al. (2009) argue against the importance of nutrients for the increase in phytoplankton.
By performing a spatially resolved analysis of the CPR phytoplankton colour index,
they demonstrate that increased solar radiation as manifest through increased SST
and windspeed were responsible for the shift.

Support for the increase in phytoplankton being caused by climate warming in the
subpolar North Atlantic comes from satellite observations (Ueyama and Monger,
2005). Increases in phytoplankton were observed largely during spring, whereas
increases occurred between autumn and winter in the subtropical region. These
patterns of variability can be explained largely by the pattern of interannual
variability wind mixing. Increased wind-induced mixing during the bloom period
reduced bloom magnitude over the subpolar and northern subtropical regions while
enhancing it over the southern subtropical region. The major mode of interannual
variability in the timing of North Atlantic blooms indicates a possible link to the
NAOQO (Ueyama and Monger, 2005). The trend in phytoplankton is partly supported
by Behrenfeld et al. (2006), who describe worldwide temperature-related
phytoplankton fluctuations derived from satellite observations. Temperature-related
decreases were most pronounced in the tropics and mid-latitudes. In contrast, at
higher latitudes, improved mixed-layer light conditions and extended growing
seasons may actually increase productivity (Behrenfeld et al., 2006).

Together with the increased biomass, increased proportions of dinoflagellates and
decreased proportions of diatoms in the phytoplankton have been reported for most
of the Northeast Atlantic regions (Edwards et al., 2002). This shift in dominance was
caused mainly by increased stratification and low nutrient availability in offshore
areas favouring dinoflagellates (Leterme ef al, 2005). This climate-induced
development is most pronounced in the northern North Sea and the adjacent
southern North Atlantic (Leterme et al., 2006).

Developments similar to those observed for the North Atlantic and the North Sea
have been reported for the Baltic Sea. Increased chlorophyll a has been observed in
the eastern Baltic, Bornholm and Gotland basins (Wasmund et al., 1998; Wasmund
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and Uhlig, 2003). In contrast to the North Atlantic, in the Baltic this is discussed
mainly in relation to eutrophication (Wasmund et al., 1998). However, the dominance
change from diatoms to dinoflagellates during the spring bloom is linked to climate-
related processes. Warm winters, especially since the late 1980s, have resulted in a
lack of deep mixing, favouring dinoflagellates over diatoms (Wasmund et al., 1998).

Changes in zooplankton standing stocks and species composition

Although the availability of long-term zooplankton time-series to study the effect of
climate on marine ecosystems is still limited (Perry et al., 2004), there is generally
more information available than for phytoplankton. A comprehensive description of
North Atlantic zooplankton time-series is provided by ICES (ICES, 2006j).
Temperature-related, long-term increases in standing stocks have been observed in
the western Atlantic on Georges Bank since the 1990s. In the eastern Atlantic,
significant increases have been reported for Selvogsbanki (south of Iceland) and the
central Baltic Sea, whereas decreases have been reported for the Gulf of Finland
(Baltic Sea) and at Helgoland (North Sea; ICES, 2006j). The decrease in the Gulf of
Finland is discussed as an effect of decreasing salinities (Lumberg and Ojaveer, 1991)
and changed climatic conditions (Hanninen et al., 2000).

Again, the most comprehensive information for the North Atlantic region is provided
by the CPR survey (Corten and Lindley, 2003). The most striking feature of the time-
series since 1946 is a general, long-term decline in total copepod abundance southeast
of Iceland and west of the British Isles, although some areas demonstrate no trend
(e.g. northern North Sea). In the western North Atlantic, total copepod abundance
has remained relatively unchanged since 1946. Highest copepod abundance is in the
eastern North Atlantic and particularly in the southeastern North Sea (Edwards et al.,
2007; ICES, 2006j). The long-term changes in zooplankton populations are probably
related to the increase in phytoplankton since the 1980s (Richardson and Schoeman,
2004). This large increase in phytoplankton colour since the late 1980s in most regions
was related to the temperature increase (Edwards ef al., 2001) and corresponds well
with temperature—zooplankton relationships reported by Beaugrand (2003).

Using a number of time-series from the North Atlantic, ICES (2006j) found time-series
in higher latitudes to have a greater anomaly span (the difference between the
minimum and maximum anomaly values) than those in lower latitudes. As water
temperature generally decreases with increasing latitude and zooplankton
production depends on water temperature, anomaly spans were investigated further
as a function of mean water temperatures. Indeed, a good relationship between both
variables was found, confirming that cooler waters had a higher anomaly span.
Growth and production of zooplankton depend on food availability and water
temperature. Hence, in regions with colder water, the gradient between winter and
summer air and water temperatures may be larger than those in the warmer water
regions. These larger differences would lead to stronger seasonal winds and mixing
between surface and deeper, nutrient-rich waters, resulting in stronger
phytoplankton blooms and ultimately stronger zooplankton responses (ICES, 2006j).

Long-term changes in species composition and diversity of the copepod community
related to hydroclimatic changes have been reported for the Northeast Atlantic
(Beaugrand, 2003). The main finding of these analyses is a positive relationship
between copepod diversity and the NAO index. Furthermore, there is a change in
dominance between the main copepods (Calanus finmarchicus and C. helgolandicus),
which display opposite relationships to temperature: C. finmarchicus is favoured by
cold temperatures, whereas C. helgolandicus is favoured by warm temperatures.
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(Beaugrand, 2003). Another important factor determining the abundance of C.
finmarchicus in the North Sea is advection from their overwintering areas west of the
Shetland Isles, as well as a climate-driven process (Heath et al., 1999).

As is true of the adjacent North Sea, the overall abundance of zooplankton in the
Celtic Sea has declined in recent years (ICES, 2006j), with substantial drops in Calanus
abundance now below the long-term mean. Calanus finmarchicus is known to
overwinter in the Faroe—Shetland Channel, and the abundance of these is known to
have been reduced in recent years. In recent years, major changes in zooplankton
composition were reported. A main change was the decrease in Pseudocalanus
elongatus, which was the most abundant species during the period 1988-2004, when
it contributed nearly 12% of the total zooplankton abundance; it is now down to
2.3%, the lowest abundance observed over the whole time-series. Total zooplankton
abundance demonstrated two decreasing trends from 1988 to 1995 and from 2001 to
2005. This is mainly the result of relatively low abundance of the spring species
Paracalanus, Pseudocalanus, and Acartia clausi.

A dominance change in zooplankton, as observed in the North Sea, could also be
demonstrated for the Baltic Sea (Mollmann ef al.,, 2000, 2003b). Climate-induced
salinity and temperature changes caused a switch from Pseudocalanus acuspes to
Acartia spp. and Temora longicornis. Salinity in the central Baltic is strongly dependent
on inflow events of highly saline and oxygen-rich North Sea water. The frequency of
these events has been reduced since the 1980s, resulting in decreased salinities and
oxygen in the Baltic deep water. P. acuspes depends strongly on hydrographic
conditions in the deep water (Renz and Hirche, 2006); consequently, the long-term
trend in P. acuspes is correlated with the salinity level (Mollmann et al., 2000, 2003b).
In contrast, T. longicornis and Acartia spp. are situated higher in the water column and
are, hence, more influenced by water temperature (Schulz et al., 2007). Temperature
has increased since the late 1980s, and this increase is correlated with the long-term
trend of the two calanoids (Mollmann et al., 2000, 2003b).

For the southern Bay of Biscay, zooplankton time-series are available from 1988 (La
Corufia and Vigo), 1991 (Santander), 1993 (Cudillero), and 2001 (Gijon) onwards.
Long-term changes in zooplankton abundance at Santander demonstrated a slightly
decreasing trend, probably caused by the longer duration of the water column
stratification. The latter could have limited the interchange of nutrients from deeper
to surface waters and, consequently, the growth of zooplankton (Valdés and Moral,
1998).

Off the northwest Iberian Peninsula, i.e. in the coastal and neritic regions off Galicia
(northwest Spain), the classical pattern of seasonal stratification of the water column
in temperate regions is masked by upwelling events from May to September. These
upwelling events provide zooplankton populations with favourable conditions for
development in summer. Zooplankton standing stocks in La Corufia demonstrated
an increasing trend since 1997 as a result of increased seasonal upwelling.

Finally, increases in jellyfish abundance have been reported from different parts of
the world ocean (Richardson et al., 2009). Data obtained from the CPR demonstrate in
the central North Sea a positive relationship with the NAO and Atlantic inflow to the
northern North Sea. Since 1970, jellyfish frequency has been also significantly
negatively correlated with mean annual pH, independent of NAO trends. Jellyfish
frequency increased in the mid-1980s, coincident with the reported regime shift in the
North Sea and tracking trends in phytoplankton colour (Attrill ef al., 2007; Richardson
and Gibbons, 2008). However, in general, a multitude of factors might have caused
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the jellyfish increase, such as overfishing, eutrophication, and translocations,
necessitating further investigation (Richardson et al., 2009).

Ocean acidification may negatively affect calcifying plankton, opening ecological
space for non-calcifying species. Recently, a study of climate forcing of jellyfish
reported the first analysis, suggesting that there were more jellyfish (generally
considered a non-calcifying group) when conditions were more acidic (lower pH)
from one area within the North Sea. We examined this suggestion for a number of
areas in the North Sea and beyond in the Northeast Atlantic using coelenterate
records from the CPR and pH data from ICES for the period 1946—-2003. We could
find no significant relationship between jellyfish abundance and acidic conditions in
any of the regions investigated. We conclude that the role of pH in structuring
zooplankton communities in the North Sea and further afield, at present, is tenuous.

Phenologic and biogeographic changes in phyto- and zooplankton

Marine trophodynamics depend strongly on the distributional overlap and relative
timing of important events, such as the spring bloom. Recent studies provided
evidence that increased temperatures can change the timing of the spring
phytoplankton bloom, however with varying levels and directions of response
(Edwards and Richardson, 2004). At Helgoland Roads, the mean diatom bloom was
delayed and shifted to the end of the first quarter of the year in relation to warming
(Wiltshire and Manly, 2004). Data from the CPR survey, however, demonstrated that,
in general, diatom spring blooms in the North Sea are relatively fixed in time
(Edwards and Richardson, 2004). CPR data, in general, indicate a positive correlation
between increased temperatures and the peak in the seasonal cycle of dinoflagellates
and diatoms. In zooplankton, copepods and other holozooplankton in summer
demonstrated positive correlations to SST, whereas those having peaks in spring and
autumn did not (Edwards and Richardson, 2004). Despite the observed variability in
the phenological response to increased temperatures, mismatches in timing between
successive trophic levels have been observed, with important ramifications for
ecosystem functioning (Edwards and Richardson, 2004).

In addition to temporal mismatches in trophodynamics, temperature-induced
changes in spatial distribution can also cause disruptions in species interactions. For
the North Sea and the adjacent Atlantic Ocean, substantial changes in the
biogeography of calanoid copepods have been demonstrated in relation to climatic
warming (Beaugrand et al., 2002). Warm-water species have extended their
northward extension by more than 10° latitude, whereas the number of cold-water
species decreased. These biogeographic changes are related to the northern
hemisphere temperature and the NAO index.

A further example for a change in distribution of copepod communities related to
climate-induced changes in hydrography and important for fish production has been
observed in the central Baltic Sea. The dominant copepods in the area have different
horizontal distribution patterns. Although P. acuspes concentrates in the centre of the
deep Baltic basins, the other two copepods are mainly distributed at the fringes of the
basins (Hansen et al., 2006). The dominance change from P. acuspes to T. longicornis
and Acartia spp. (Mollmann et al., 2003b) has, hence, resulted in a redistribution of the
zooplankton biomass. This redistribution of the copepod biomass has reduced the
overlap with first-feeding larvae of cod (Gadus morhua), contributing to the low
recruitment levels of the fish stock since the early 1990s (Hinrichsen et al., 2002, 2005).
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7.5 Summary

Figure 7.1 summarizes the effect that climate has on marine phyto- and Zooplankton
and how this may propagate to higher trophic levels, i.e. mainly fish. Generally, there
can be two lines of effects: (i) effects on standing stocks (i.e. biomass and abundance)
of phytoplankton, which exert bottom-up effects on Zooplankton or direct effects on
Zooplankton standing stocks; and (ii) effects through changes in distribution and
phenology potentially causing spatio-temporal mismatches between adjacent trophic
levels. Both lines of effects may cause food limitations for upper trophic levels, i.e.
mainly early life stages of as well as adult planktivore fish.

CLIMATE
Distribution Phenology Spatl(')-temporal
mismatch
Abgndance/ Specl.e:% Food-limitation
Biomass composition
Phytoplankton Zooplankton FISH

Figure 7.1. Schematic representation of the effect of climate on marine phyto- and Zooplankton
populations, and their effect on fish production.
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Ecosystem structure and function

Mike R. Heath and Alejandro Gallego

Introduction

8.1.1 Objectives

This section presents an overview of the literature that considers how the marine
ecosystem, and particularly the fisheiy ecosystem, may be subject to reorganization
in response to pressures on the component species resulting from climate change (see
Section 6) and exploitation by fishing. Reviews of the ecological response to climate
change over a range of different ecosystems (e.g. Walther et al,, 2002; Section 10) have
emphasized the complex and indirect nature of the effects of climate on ecosystem
dynamics in the marine environment. These effects include: modifying primary and
secondary production (see Section 7); offsetting the match between producers and
consumers (e.g. Stenseth es ah, 2002); affecting migration patterns and spatial
distribution of species; and influencing physical processes (e.g. upwelling), which, in
turn, affect nutrients, production, and prey availability to higher trophic levels, etc.
Furthermore, human exploitation may intensify these climate-change effects on
marine systems (Walther ez al,, 2002; Enghoff et al, 2007; Section 5). In this context,
because fishing is such a major component of the mortality of many fish species, we

consider the impacts of climate change and fishing together.

8.1.2 Section outline

We start our literature review on how marine ecosystems respond to climate and
fisheiy pressures by defining the concepts of "ecosystem structure" and ecosystem
function" (Section 8.1.4), then examine the effect of climate and fishing on species
richness (Section 8.2) and regime shifts (Section 8.3). We review a number of
ecosystem control hypotheses (Section 8.4), namely top-down vs. bottom-up
control, "oscillating control", and trophic cascades (Sections 8.4.1-8.4.3), and
conclude with a section on management considerations (Section 8.5).

8.1.3 Overall relevance

As stated in the Foreword, climate change will affect fisheiy resources and challenge
managers to develop sustainable exploitation strategies. Individual taxa at all trophic
levels in the ecosystem, not only exploited species, may be influenced by climate
change, if only as a consequence of thermal response (e.g. see Section 3). However,
the system as a whole may have dynamics that cannot be simply deduced from
knowledge of individual species responses, owing to the complex network of non-
linear, predator-prey interactions involved in the foodweb (Schetter and Carpenter,
2003). This section goes beyond the focus on individual taxa to examine the effect of
climate and fisheries on ecosystem-level responses, namely ecosystem structure and
ecosystem function. Focusing on ecosystem-level responses is particularly relevant,
because some of the analyses of the effect of climate and fisheries (e.g. Eide, 2008) are
based on the assumption that the current ecosystem structure is preserved, and this
may not be a realistic scenario.
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8.1.4 Definitions

Although a number of national and international policy drivers (Bergen Declaration?,
EU Habitats Directive’, etc.) refer to the concepts of ecosystem structure and function,
there is still considerable variability in the accepted meaning of these terms (MRAG
and UNEP-WCMC, 2007).

The concept of ecosystem structure generally refers to both “the biotic and abiotic
attributes of the ecosystem”. The latter include elements such as the physical
structure of the substratum (e.g. seabed type, grain size) and the physico-chemical
structure of the water column (e.g. temperature, salinity, oxygen, current), whereas
the former includes factors such as community structure, functional groups, species
richness, biodiversity, and species attributes (longevity, size, reproductive strategy,
range, distribution, habitat preference, etc.).

Ecosystem function is often related to the biotic (and sometime abiotic) processes
that take place within the ecosystem. For example, the definition by Naeem ef al.
(2002), “the activities, processes or properties of ecosystems that are influenced by its
biota” links ecosystem function to the concept of biodiversity, and is used by a
number of authors who focus on the role of individual habitats and species (e.g.
Bremner et al., 2006, Hiscock et al., 2006). Elements of ecosystem functioning
identified by Hiscock et al. (2006) are: energy transfer, elemental cycling, productivity,
food supply and export, and modification of physical processes.

Here, we review the effects of climate and fishing on ecosystem structure and
function, including species richness, regime shifts, ecosystem controls, and trophic
cascades.

Species richness

Species richness (i.e. the number of species present) is an important element of
ecosystem structure and foodweb complexity. Latitudinal gradients in species
richness are well documented across terrestrial, freshwater, and marine systems, with
fewer species present at higher latitudes, although the causes remain unclear
(Townsend et al., 2003). Gradients in primary production, seasonality, specialization
of predators, environmental harshness, and evolutionary age of the system have all
been examined in the ecological literature, but none provides unambiguous
explanations (Begon et al., 2006). In the ocean basins, species richness of fish
communities has been noted to decline with poleward distance from the tropics in
both hemispheres (Cheung et al., 2005), with co-varying effects as a result of depth
(Macpherson and Duarte, 1994; Macpherson, 2003). In the North Atlantic, there
appears to be a correlation between richness and temperature, such that for a given
latitude, both richness and temperature are greater in the eastern Atlantic than in the
western Atlantic (Frank ef al., 2007). Semi-enclosed seas, such as the Baltic and
Mediterranean, tend to be outliers in the latitudinal pattern of richness. The former is
colder and younger in a geological and evolutionary sense than the North Atlantic in
general, and it exhibits lower species richness than expected for the latitude, whereas
the Mediterranean is warm for its latitude and provides habitat for both temperate
and subtropical species.

http://'www.ospar.org/html_documents/ospar/html/bergen_declaration_final.pdf,

* http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:319921.0043:EN:HTML  or  Official
Journal L 206, 22/07/1992 P. 0007—0050
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It has been predicted that climate change will lead to changes in local and regional
species richness through species extinctions and latitudinal range shifts (see Section
10). Hiddink and ter Hofstede (2008) demonstrate that, in the North Sea, species
richness of fish, a group of ecological and socio-economical importance, has increased
over a 22-year period, and that this rise is related to higher water temperatures. The
number of fish species displaying increased distribution ranges in the North Sea
(mainly smaller species of southern origin) was eight times greater than those whose
range decreased (primarily large and northern species). This increase in species
richness can be explained by the fact that fish species richness, in general, decreases
with latitude. This observation confirms that the interaction between large-scale
biogeographic patterns and climate change may lead to increasing species richness at
temperate latitudes.

Fishing can also lead to considerable changes in species richness. An analysis of
decadal changes in Mediterranean foodwebs, in relation to exploitation,
demonstrated that biomass of higher trophic levels increased under no-fishing
scenarios, and the mean trophic level of the community and the fish/invertebrate
biomass ratios were substantially lower in exploited foodwebs (Coll ¢t al., 2009a).

In addition to species richness, life-history strategies of different species can also be
affected by climate as an ecosystem-scale response. There is evidence for foodweb-
wide modifications in life-history strategies in response to environmental forcing,
resulting from frequency and amplitude shifts in resource availability over varying
temporal and spatial scales (Suryan et al., 2009).

Climate effects on marine ecosystems, including regime shifis

A wide range of environmental effects (correlated with the NAO index) on species
physiology, spatial distribution, competition, and predation have been identified, as
well as complex, non-linear effects on population dynamics (Ottersen et al., 2001;
Stenseth et al., 2002). However, disentangling climatic and anthropogenic effects
(Section 5) on ecosystem function is sometimes problematic. For example, some of the
indices proposed to measure changes in ecosystem function, such as the slope of the
size spectrum (based on the principle that size determines an individual’s trophic
position in the ecosystem), are affected by human activities (fishing; Gislason and
Rice, 1998) and environmentally mediated changes in species growth (Gislason,
2001). A comprehensive review of the response of North Atlantic marine ecosystems
to climate variability has been compiled by Drinkwater ef al. (2003).

However, the results of such correlative approaches have been controversial, and
correlations between physical and biotic time-series often lack robustness over time
(e.g. Reid et al., 1998a; Skud, 1982; Solow, 2002), unless the underlying processes can
be identified (e.g. Agostini ef al., 2008). Collie et al. (2004), Scheffer et al. (2001), and
Scheffer and van Nes (2004) have categorized ecological responses to physical forcing
as (i) nearly linear; (ii) non-linear, but single valued; and (iii) multiple stable states,
which might be termed “regime states”. Of particular concern is the possibility of
alternative stable states, because the implication is that shifts between states caused
by physical forcing are not automatically reversed by relaxation of the forcing. In the
context of foodweb control, the scenario would also apply to trophic cascades
induced in top—down controlled systems by, for example, the removal of a key
predator (see section 8.4.3). Thus, the cause of regime shifts is not exclusively physical
forcing, and fishery-induced regime shifts have also been described in the literature
(e.g. Savenkoff et al., 2007). Although Steele (2004) states that, so far, there is little
evidence that changes in ocean climate such as EI Nifio, the Pacific Decadal
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Oscillation, or the North Atlantic Oscillation can induce alternative stable states in
marine ecosystems, such hypotheses are relatively common and extend beyond the
recent past into more distant historical records, such as those analysed by Gutierrez et
al. (2009).

Recently however, a wealth of studies demonstrated the existence of alternative
stable states in various terrestrial and aquatic ecosystems (Scheffer et al., 2001;
Scheffer and Carpenter, 2003; Kimmel et al., 2009). The term “regime shift”,
describing the transition between different states, was first used for marine
ecosystems to describe dominance changes between fish populations (e.g. the
fluctuations between anchovy (Engraulis encrasicolus) and sardine (Sardina pilchardus))
in several regions of the world ocean (Lluch-Belda et al., 1989). Nowadays, regime
shifts are defined mainly on the basis of changes in the ecosystem as a whole (Collie
et al., 2004). They are usually occasional to frequent and abrupt changes in ecosystem
structure and function, occurring at multiple trophic levels and on large geographic
scales (Bakun, 2006; Collie et al., 2004; Cury and Shannon, 2004; deYoung ¢t al., 2004a;
Lees et al., 2006).

Marine ecosystem regime shifts have been explained mainly as a result of multiple
causes, namely climatic regime shifts, overexploitation, or a combination of both
(Scheffer and Carpenter, 2003; Lees ¢t al., 2006). They have been described for various
marine ecosystems, with the most prominent examples coming from the North
Pacific (Hare and Mantua, 2000), the Scotian Shelf off Canada (Choi et al., 2005), the
US Northwest Atlantic continental shelf (Link, 2002), the North Sea (Beaugrand, 2004;
Weijerman et al., 2005), the Black Sea (Daskalov, 2002; Daskalov et al., 2007), and the
Baltic Sea (Mollmann et al., 2008, 2009).

Ecosystem control hypotheses and trophic cascades

8.4.1 Bottom-up vs. top—down control

Production of higher trophic levels in the ecosystem has traditionally been
considered a function of primary production and the efficiency of transfer between
trophic levels (Aebischer et al., 1990; Schwartzlose et al., 1999; Chavez et al., 2003).
Indeed, impoverished regions that are starved of nutrients and the trace elements
required for phytoplankton growth can support only small fishery yields. In contrast,
regions where oceanographic processes or major river inputs deliver large quantities
of nutrients to the surface waters typically support substantial fisheries.

Comparing across ecosystems in the Northwest Atlantic, Frank et al. (2006) found a
positive correlation between long-term average primary production and fishery
yield. However, within individual ecosystems, the relationship over time between
primary and higher trophic-level production was clearly positive in some and dearly
negative in others. Positive relationships between prey and predator time-series are
indicative of resource-driven or bottom—up control of the foodweb components,
whereas inverse relationships indicate predation-driven or top—down control. The
latter has long been recognized in some lake systems and in nearshore or intertidal
marine communities, where species richness is low and the system is dominated by a
small number of predators (Chapin ef al., 1997).

Recently, it has become clear that both bottom-up and top—down control may also
pertain in open-shelf ecosystems, and that fluctuations between these states are
important signals of pressure caused by fishing and/or climate changes. Frank et al.
(2006, 2007) concluded that the species-poor, low-primary-production systems, which
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predominate at high latitudes and low temperatures, are fundamentally top—down
controlled, whereas low-latitude, species-rich, high-primary-production systems are
fundamentally bottom-up controlled. Deeper eastern ocean boundary systems are
more strongly influenced by bottom—up forcing, whereas shallower western ocean
boundary systems, mainly continental shelves, are generally more strongly
influenced by top—down forcing, although synchronous events are also observed to
have taken place around the world's oceans (Megrey et al., 2009).

In the North Sea, Heath (2005) demonstrated that the pelagic foodweb had
underlying bottom-up control during the 1970s, 1980s, and 1990s, with significant
positive correlations between zooplankton and planktivorous fish production, and
between planktivorous and pelagic piscivorous fish production during the period
1973-2000. Similarly, Frederiksen et al. (2006) demonstrated that, off the Scottish east
coast in the northwestern North Sea, the foodweb connecting zooplankton through
planktivorous fish (sandeels) to breeding success of seabirds was also bottom—up
controlled. Frank et al. (2007) found that, given the species richness in the North Sea,
these correlations were consistent with the emergent pattern of bottom-up vs. top—
down control for shelf ecosystems around the North Atlantic. However, Heath (2005)
also noted that, for the benthic foodweb, there was a highly significant negative
correlation between the consumption of macrobenthos by demersal fish and the
production of macrobenthos carnivores, which was symptomatic of top-down
control. Thus, within the same geographic domain, different branches of the foodweb
displayed fundamentally different control mechanisms.

Similarly, several authors have identified simultaneous bottom—up and top—down
control in the pelagic ecosystems of major upwelling regions (e.g. Benguella, Peru). In
this case, small planktivorous fish play a key role in the system, but the guild is often
dominated by only a single species (sardine or anchovy). Higher trophic levels are
subject to bottom—up control by the abundance of planktivorous fish prey, whereas
zooplankton is subject to top—down control, also by planktivorous fish acting as
predators. Fishing can also become an important predatory impact, taking over
consumption of small pelagics from declined natural predators (Watermeyer et al.,
2008). Such systems have been termed as being under “wasp-waist” control (Rice,
1995; Bakun, 2006; Hunt and McKinnell, 2006).

A key factor that may dictate whether a system is prone to top—down or bottom-up
control may be species redundancy, or the fungibility of species (i.e. the degree to
which species are interchangeable with others of the same functional type within a
given ecosystem). In the relatively species-rich North Sea, Heath (2005) noted that
sprat, herring, sandeels, and Norway pout appeared to be functionally
interchangeable within the planktivorous fish guild. As a consequence, the
production of the guild as a whole was clearly bottom-up driven by zooplankton
production, although the constituent species had undergone boom-and-bust phases
in response to the fishing and climatic factors, which bore little or no relation to
underlying plankton production. For example, as herring production declined
through the 1970s, sprat production expanded to fill the foodweb niche vacated by
herring, but reversed in the 1980s as herring stocks recovered.

In contrast to the North Sea, the planktivorous fish guild at high latitudes in the
North Atlantic (e.g. Barents Sea) is dominated by capelin and herring, with few other
fungible species present, and capelin dynamics demonstrate more evidence of top-
down control by piscivory than of bottom—up control by zooplankton (Hjermann et
al., 2004b). In the context of the latitudinal gradient in species richness and trophic
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control, noted by Frank et gl. (2006, 2007), the scope for species fungibility is
presumably reduced in species-poor systems, making them more prone to top—down
control. Thus, in the species-poor Baltic Sea, cod and sprat abundance demonstrate a
strong inverse correlation, indicating top—down control of sprat by cod, with cod
dynamics being affected by a combination of fishing and climatic factors (Alheit ef 4l.,
2005; Koster et al., 2003a, 2003b; Moéllmann ef al., 2008). Similarly, Worm et al. (2006)
noted that the proportion of fisheries in a collapsed or extinct state (indicating top—
down control by fishing) declines monotonically with species richness.

8.4.2 Oscillating control

Fishing, and climatic factors that affect the productivity of individual species, also
have the capacity to shift a system between bottom—up and top—down control. For
example, Hunt et al. (2002) demonstrated a pattern of reversibly alternating control in
the Bering Sea pelagic ecosystem between bottom—-up in cold regimes and top—down
control in warm regimes (Figure 8.1). Similarly, Litzow and Ciannelli (2007) describe
changes in the trophic control of the ecosystem along the shelf south of the Alaska
Peninsula (North Pacific). The system was initially bottom—-up controlled in the early
1970s (as indicated by positive correlations between prey (mainly shrimp and
capelin) and predators (mainly Pacific cod)), shifted to top—down control during the
late 1970s, coincident with a rise in temperature, then reverted to bottom—up control.
The oscillation between control processes coincided with a change in state of the
system: from a situation in which shrimp and capelin abundance (measured by catch
per unit of effort (cpue) in surveys and commercial landings) was high and Pacific
cod were scarce to one in which cod abundance was ~50-fold greater and shrimp and
capelin had declined by a factor of ~100. The mechanism of the state change was
hypothesized to be warming-mediated shifts in the survival of Pacific cod larvae,
related to the timing of zooplankton production, and to temperature-dependent
migration patterns of cod.
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Oscillating Control Hypothesis (Revised ex Hunt etal. 2002)
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Figure 8.1. Schematic illustration of oscillating control, modified from Hunt ez al., (2002; G. Hunt,
University of California, Irvine, California, pers. comm.). The number of recruits affects not only
pollock population dynamics but also the availability of age-1 pollock to predators, such as
marine birds and pinnipeds. Prolonged, very warm periods are very bad for recruitment because
there are few/no large Calanus marshallae in the system and no shelf euphausiids (Thysanoessa
raschii). The result is that, in warm periods, age-0 pollock do well in spring but have little in the
way of lipid-rich food in summer, resulting in poor body condition and poor overwinter survival.
Additionally, cannibalism increases as the larger fish switch from eating large crustacean
Zooplankton to small fish. In cold periods, there appear to be fewer age-0 in spring/summer
because copepod production is limited by water temperature and larval-juvenile pollock survival
is limited by food availability, but survivors are in much better condition and the ensuing over-
winter survival can result in a strong year class. Higher abundance of age-0 pollock in summers of
warm years is consistent with the original Oscillating Control hypothesis of Hunt ez al. (2002), but
their failure to recruit, despite a declining adult biomass, is not (Hunt ez al. 2008). The alternating
top-down and bottom-up control of pollock populations is likely to be modulated by the effect
of 0-group overwintering starvation and the switching of predators from large crustacean
Zooplankton to age-0 pollock in warm years when these alternative prey is scarce (Hunt ef al., in
press).

8.4.3 Trophic cascades

Top-down controlled systems are sensitive to overfishing and depletion of predator
spedes (Christensen et al, 2003), which can lead to large-scale reorganization of the
trophic structure caused by the release of lower trophic levels from grazing pressure,
termed a "trophic cascade". Such changes represent significant departures from the
natural state which have other, often unforeseen, consequences and which may or
may not be reversible in decadal time-scales, even by intervention to eliminate fishing
mortality. Examples are the increase in shrimp produdion and fisheries in high-
latitude ecosystems, where cod has been depleted by fishing (Worm and Myers, 2003;
Frank et al, 2005). In the Black Sea, overfishing of marine predators provoked
cascading changes, resulting in increases in abundance of planktivorous fish and
jellyfish, a corresponding decrease in Zooplankton and increase in phytoplankton
(Daskalov, 2002), and a decrease in the mean trophic level in the ecosystem
(Daskalov, 2000). In the Baltic Sea, a combination of dimate change and overfishing
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caused the collapse of the cod stock, leading to a trophic cascade involving zoo- and
phytoplankton (Casini et al., 2008a). For example, in the Baltic Sea, dominance within
the zooplankton changed as a result of reduced salinity and increased temperature.

The change in hydrography also affected the reproductive success of the major fish
species, resulting in a change in dominance from a piscivorous fish (cod) to a
planktivorous species (sprat), with overfishing amplifying the climate-induced
changes at both trophic levels (Mollmann et al., 2008). Pinnegar et al. (2000) reviewed
39 documented trophic cascades (eight of which include humans as a trophic level)
from 21 locations around the world; all but two of the cascades are from shallow
systems underlain by hard substrata (kelp forests, rocky subtidal, coral reefs, and
rocky intertidal).

Species loss or invasion through environmental events may also precipitate trophic
cascades in top—down-prone systems. For example, unusually warm conditions
during summer 1999 caused mass mortality of invertebrate species in the
northwestern Mediterranean (Cerrano et al., 2000; Perez et al., 2000), allowing other
species, pre-adapted to the new conditions, to replace them and potentially
precipitating foodweb restructuring. In the Black Sea, there was a population
explosion in the mid-1980s of the introduced gelatinous species Mnemeopsis leidyi
(Grishin et al., 1994), which became a major competitor with indigenous pelagic fish
stocks for zooplankton production (Grishin et al, 1994; Shiganova, 1998). This
compounded the effects of overfishing (Daskalov, 2003), leading to a trophic cascade
manifested as extreme phytoplankton blooms (Yunev et al., 2002).

Management considerations

Recent evidence demonstrated that climate change and fishing often together affect
ecosystem structure and function. Ultimately, they can trigger a shift of an ecosystem
to another permanent state (Scheffer et al., 2001; Scheffer and Carpenter, 2003).
However, a prerequisite for this occurrence is a loss of resilience, which makes the
system more fragile to perturbations (Folke et al., 2002; Folke, 2006). Discontinuous
regime shifts demonstrating hysteresis in their response may have heavy costs for
society (Scheffer et al., 2001). Restoring an ecosystem to a more desirable state after it
has turned to another stable state usually requires drastic and expensive
interventions (Scheffer and Carpenter, 2003; Suding et al., 2004). Therefore, the goal of
management must be to sustain the stability of domains rather than trying to control
fluctuations (Scheffer et al., 2001; Folke, 2006), although understanding the
mechanisms of ecosystem-state changes is critical to making inferences about both
the causes and appropriate management responses (Frisk et al., 2008).

From a management point of view, the consequences of forcing ecosystems between
alternative stable states, or along strongly non-linear trajectories with strong
hysteresis, are clear (Beamish et al., 2004). Such changes, usually precipitated by
fishing in combination with climate change, occur mostly in top—down controlled
ecosystems, which are most likely to be found at high latitudes. Identifying such
systems, based on species richness, primary production characteristics, and
temperature, seems to be an important step towards devising more holistic schemes
for ecosystem harvesting. Another development indicated by such considerations is a
move toward fishery management targets based on functional groups, in addition to
those based on target species, with the aim of conserving ecosystem stability as well
as individual species (Hughes ¢t al., 2005).
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9.1

9.2

Resolving climate impacts on fish stocks

Ecosystem productivity in the Mediterranean and Black seas

Georgi M. Daskalov

Introduction

This section reviews recent research into relationships between climate and
ecosystem productivity in the Mediterranean and Black seas. Both seas are deep,
enclosed basins, and global and regional climate affects them mainly through
atmospheric teleconnections. The major teleconnection pattern in the area is the
North Atlantic Oscillation (NAO; Wallace and Gutzler, 1981). The NAO is
characterized by a dipolar pattern of the atmospheric pressure field, and its effects on
the regional climates of the Mediterranean and Black seas often have an opposite sign
(e.g. Demirov and Pinardi, 2002; Oguz et al, 2006). Another difference is water
balance, which is positive in the Black Sea but negative in the Mediterranean.
Therefore, the influence of freshwater run-off (also influenced by the NAO) is very
important in the Black Sea. Both seas have been populated, exploited, and explored
by humans since antiquity, but major anthropogenic changes, such as fish stock
collapses, cultural eutrophication, and invasions by alien species, have occurred in
the second half of the 20th century.

Mediterranean Sea

A review of climate-related changes in the Mediterranean was published recently by
Philippart et al. (2007a). The Mediterranean Basin is ca. 3680 km long, with an average
width of 700 km, and is divided into the western and eastern Mediterranean basins,
which are separated by the Straits of Sicily and the central Mediterranean, which
includes the Adriatic and Ionian seas. The western Mediterranean (ca. 1600 m mean
depth) consists of two deep basins, the Algero-Provencal Basin and the Tyrrhenian
Sea. The eastern Mediterranean includes the Aegean Sea and the Levantine Basin.

The principal characteristics of the Mediterranean Sea include:

i) limited freshwater input (the Mediterranean as a whole has a freshwater
deficit of 0.9 m yearl because evaporation exceeds precipitation and
run-off);

ii) major water exchanges through the Straits of Gibraltar, with surface
inflow of Atlantic waters (top 300 m) and deep outflow of high-salinity
Mediterranean waters;

iii ) small-amplitude tides (microtidal regime);
iv) high oxygen concentrations;
V) high deep-sea temperatures (>12.8°C); and

vi) oligotropha conditions, with low nutrient concentrations, that typically

decrease castwards.

Consequently, the western and eastern Mediterranean basins are characterized by
different primary productivity, namely ca. 350-450 mg Cnr2d in the western
Mediterranean and ca. 150mgCm 2d in the eastern Mediterranean (Turley et al
2000). The much lower productivity in the eastern Mediterranean, together with the
strong summer stratification of the water column and the tight control of the
microbial loop, results in exceptionally low exports of primary organic matter to the
seabed (Turley et al, 2000). The Mediterranean Sea, being a warm sea located in

temperate latitudes, hosts both temperate and subtropical species, and is therefore
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biologically diverse; it has also been diversified by its complex geological history and
by the introduction of Indo-Pacific species via the Suez Canal after its construction in
1869.

9.2.1 Influence of climate change on the physical environment

Rixen et al. (2005) analysed trends in temperature and heat content in the
Mediterranean since 1950. Temperature has increased at the surface and near the
bottom in the western Mediterranean since the 1990s. Sea surface temperature (SST)
in the eastern Mediterranean initially decreased around 1990 and then started to
increase (Rixen et al., 2005). A similar trend in SST was observed in the Black Sea
(Daskalov, 2003; Oguz et al., 2006). Bottom temperature in the eastern Mediterranean
demonstrated a steady increase. The NAO was found to be positively correlated with
temperature (negatively to wind) in the western Mediterranean and negatively to
temperature (positively to wind) in the eastern Mediterranean, with intermediate
effects in the central areas, including the Adriatic Sea (Demirov and Pinardi, 2002).
This difference translated into opposite changes in circulation and deep-water
composition in the western and eastern Mediterranean basins, respectively (Demirov
and Pinardi, 2002; Rixen et al., 2005). Rixen et al. (2005) have concluded that changes
in the Mediterranean are strongly influenced by North Atlantic climate.

9.2.2 Influence of climate change on the biological populations and fisheries

In the past, most studies exploring the links between plankton and climate have
focused on local environmental conditions, and significant links between plankton
abundance and distribution vs. temperature and local wind strength and direction
have been found (e.g. Menard et al., 1994; Licandro and Ibanez, 2000).

More recently, the influence of Atlantic climate (as indexed by the NAO) has been
explored. Large transport of water in the Corsica Channel was found to correlate to
low NAO (Astraldi et al., 1999). Increased circulation through the Corsica Channel is
beneficial to the development of diatom blooms in Villefranche Bay (Gémez and
Gorsky, 2003).

Molinero et al. (2005), who explored the influence of several indices of Atlantic,
regional, and local (northwestern Mediterranean and Ligurian Sea, respectively)
climate on zooplankton, found correlations between Atlantic climate (represented by
the NAO, Gulf Stream index, and other climatic patterns) and zooplankton. They
hypothesized a causal chain, linking Atlantic climate to water temperature in the
northwestern Mediterranean, which was responsible for outbreaks of jellyfish during
the 1980s. The high abundance of jellyfish was related to a marked drop in copepod
abundance, explained by jellyfish predation.

In the western Mediterranean, climate influences the boundaries of biogeographic
regions, with some warm-water species recently extending their ranges and
colonizing regions where they were previously absent. The northward migration of
species with an affinity for warmer waters has been demonstrated in several regions
(Bianchi and Morri, 1994; Morri and Bianchi, 2001; see Section 10.3.7). The Ligurian
Sea, one of the coldest arcas in the Mediterrancan, has a smaller number of
subtropical species and a higher abundance of species characteristic of
cold—-temperate waters.

A large mass-mortality event was observed in 1999 (Cerrano et al., 2000; Perez et al.,
2000), when a positive thermal anomaly during summer combined with an increase
in the warm, mixed layer to a depth of 40 m (Romano et al., 2000). This resulted in an
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extensive mortality of 28 invertebrate species (Perez et al., 2000). The area affected by
this climate anomaly extended from the French to the Italian coast and, to a lesser
extent, affected the island of Corsica. Among benthic organisms, the most severely
affected were sponges and gorgonians, such as Paramuricea clavata, Eunicella
singularis, Lophogorgia ceratophyta, and Eunicella cavolini (Cerrano et al., 2000; Perez et
al., 2000; Romano et al., 2000). It is evident that temperature anomalies, even of short
duration, can dramatically change Mediterranean faunal diversity.

Climate variability in the Mediterranean also favours disease outbreaks, because
most pathogens are temperature sensitive. Studies performed on the coral Oculina
patagonica identified the coral-bleaching bacterium Vibrio shiloi as an agent involved
in the mass mortalities of Mediterranean coral (Kushmaro et al., 1998). Mass
mortalities of the gorgonian Paramuricea clavata, scleractinian corals, zoanthids, and
sponges observed in 1999 in the Ligurian Sea were caused by a temperature shift in
conjunction with the growth of opportunistic pathogens (including some fungi and
protozoans; Cerrano et al., 2000).

The list of exotic animals and plants that have invaded the Mediterranean, and
particularly the eastern Mediterranean, continues to grow. The rise in seawater
temperature may be partly responsible for changes in the range of some species,
creating maritime corridors linking this region to other seas. The invasion of non-
indigenous species has resulted in the dislocation of other species and, possibly,
cascade effects on foodwebs (CIESM, 2002). Bianchi (1997) has suggested that
Mediterranean marine biodiversity is undergoing rapid alteration. Because of the
increased occurrence of warm-water biota, it has been said that the Mediterranean is
experiencing a period of “tropicalization”.

Despite an overall tendency towards sea surface warming, the eastern Mediterranean
has experienced a short-term temperature decrease. This major climatic event,
defined as the “eastern Mediterranean transient”, with a decline in temperature of ca.
0.4°C, has resulted in a drastic decrease in faunal abundance and a significant change
in faunal diversity (Danovaro ef al., 2001). Between 1992 and 1994, a temperature shift
of 0.3°C resulted in a ca. 50% reduction of nematode diversity (and possibly the
diversity of other groups). The extent of the impact was directly related to the extent
of the temperature shift. After 1994, when temperatures gradually recovered to pre-
transient values, biodiversity began to revert to a more “normal” situation.

Long-term change in the environment has been related to fish productivity in the
Mediterranean. Bas et al. (1985) reported an intermittent tendency for the replacement
of sardine (Sardina pilchardus) by anchovy (Engraulis encrasicolus), and vice versa. This
has been seen not only off the coast around Castellén de la Plana (southeast Spain),
but also off north Morocco. Around Castellon, there was a sharp decline in sardine in
1965, followed by a sharp increase in anchovy. These changes seem to have been less
the result of fishing pressure and more a consequence of environmental factors.
Variations in the composition of the phytoplankton, on which the larvae feed, seem
to affect larval mortality and subsequent recruitment (Larrafieta, 1981).

Dominant species, such as sardine and anchovy, occupy alternate seasonal spawning
niches (winter and summer, respectively; Sabatés et al., 2007) that allow a more
efficient use of the resources. Fish eggs and larvae were associated with hydrographic
structures and processes, such as density fronts, estuaries, winter mixing, and
stratification, which contributed to higher productivity and more efficient feeding
(Sabatés et al., 2007).
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Suitable reproductive conditions are characterized by nutrient enrichment,
concentration of larval food distribution, and local retention of eggs and larvae (i.e.
the components of the so-called “ocean triad” of favourable fish reproductive
habitats; Bakun, 1996). Such conditions, which have been associated with resident
anchovy populations, have been found at the scale of the five Mediterranean sub-
basins: the Aegean Sea, the Gulf of Lion and the nearby Catalan coast, the Alboran
Sea, the Straits of Sicily/Tunisian coast, and the Adriatic Sea (Agostini and Bakun,
2002).

Transfer-function models were used by Lloret et al. (2001) to study the influence of
Rhone and Muga river run-off and wind mixing on the productivity of demersal fish
and invertebrate species in the Gulf of Lion (northwestern Mediterranean). This
study demonstrated that enhanced hydroclimatic conditions resulted in higher
catches and catch per unit of effort of 13 fish and invertebrate stocks. The authors
suggested strong links between recruitment and local (river discharges, wind
conditions) and global (NAO) environmental conditions.

In a related study by Lloret et al. (2004), time-series analyses were used to study the
influence of river run-off and wind mixing on the productivity of anchovy and
sardine in continental shelf waters surrounding the Ebre (Ebro) River. Landings of
anchovy declined, whereas those of sardine increased. Ebre run-off demonstrated a
progressive decline from 1960 until the late 1980s, and the wind-mixing index was
highest during 1994-1996. The results of the analyses demonstrated a significant
correlation between monthly landings of anchovy and freshwater input of the Ebre
River during the spawning season (April-August). In contrast, monthly landings of
sardine were significantly positively correlated with the wind-mixing index during
the spawning season (November—March). The results provide evidence for the
influence of riverine inputs and wind mixing on the productivity of small pelagic fish
in the northwestern Mediterranean.

Sardine abundance in the northwestern Mediterranean was found to be negatively
correlated with SST, and the recent warming trend may have contributed to the
decrease in sardine and increase in the distribution area of the round sardinella
(Sardinella aurita; Palomera et al., 2007).

Recent efforts to understand the influence of climate on fish stocks and fisheries in
the western Mediterranean were made under the EC Joint Research Centre’s IDEA
(IDentification Electronique des Animaux) project, and some results were published
in a special issue of the Journal of Marine Systems (Massuti et al., 2008a). Special
attention was given to exploited demersal species, such as hake (Merluccius merliccus)
and red shrimp (Aristeus antennatus; Abella et al., 2008; Massuti et al., 2008b; Maynou,
2008). Massuti et al. (2008b) explored the relationships between climate, abundance,
and the fishery for hake and red shrimp off the Balearic Islands (western
Mediterranean). Regional and global climate has been described by the mesoscale
IDEA index and the large-scale NAO and Mediterranean Oscillation (MO).

Surface waters off the Balearic Islands are formed by low-salinity Atlantic water or
higher-salinity Mediterranean waters and have high seasonal variations in
temperature, ranging from 13°C during winter to 26 °C during summer. In summer, a
strong temperature gradient is established at depths between 50 and 100 m. Below
this depth, there are higher-salinity Mediterranean waters, identified as Western
Mediterranean Intermediate Water (WIW) and characterized by a temperature of ca.
12.5°C, between 100 and 300 m, and Levantine Intermediate Water (LIW) with a
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temperature and salinity of ca. 13.3°C and 38.5 psu, respectively, between 200 and
700 m.

The interannual variability of the habitats around the Balearic Islands is related to the
amount of WIW present in spring. These waters are formed by deep convection in the
northern Mediterranean during winter. After relatively mild winters, northern waters
from the Gulf of Lion flow south along the continental slope (Northern Current),
reach the Balearic Islands channels, and divide into two branches. The main branch
proceeds southwards, crossing the Ibiza Channel, whereas the minor branch
recirculates cyclonically and returns to the northeast, forming the Balearic Current,
which flows along the northern slope of the Islands. After cold winters, larger
quantities of WIW are formed at intermediate layers. Reaching the channels in spring,
this partly blocks the Northern Current when it reaches the Ibiza Channel, thus
reinforcing the Balearic Current, but without any significant transport of
Mediterranean waters through the Ibiza Channel into the Algerian Basin (Monserrat
et al., 2008; Massuti ef al., 2008b).

In order to obtain a reliable index for WIW presence and regional circulation, air—sea
heat fluxes at the Gulf of Lion during winter, obtained from the meteorological
NCEP/NCAR reanalysis, have been analysed and compared with other
meteorological data, such as surface air temperature (Monserrat et al., 2008). The
standardized air temperature anomalies at 1000 hPa in the Gulf of Lion during winter
(December—March) have been demonstrated to be the best indicator of the
absence/presence of WIW in the Balearic Islands channels in late spring. Values above
1.0 for the standardized temperature anomaly indicate the absence of WIW in the
Ibiza Channel. The high correlation obtained with available in situ oceanographic
data allows the use of this index (so-called IDEA index; Monserrat et al., 2008;
Massuti et al., 2008b) as an indicator of the presence of WIW and to conduct further
analyses of regional climate and fisheries scenarios.

Massuti et al. (2008b) have applied modified stock-recruitment and generalized
additive models in order to explore oceanographic scenarios of macro- and mesoscale
climate regimes in relation to population dynamics of hake and red shrimp. They
found that hake recruitment seems to be enhanced during low NAO and IDEA
periods. During these periods, colder-than-normal winters generate large quantities
of cold WIW in the Gulf of Lion, which flows south and reaches the Balearic Islands
channels in spring, increasing productivity in the area. This oceanographic scenario
could also favour the distribution of hake on the fishing grounds where the trawl
fleet targets this species, increasing its accessibility to the fishery. The abundance of
red shrimp also seems to be enhanced by the high MO index periods, which could
reflect increased presence of the saline and warm LIW in the area.

Maynou (2008) investigated fluctuations of red shrimp landings in the Catalan Sea in
relation to the NAO index. He found similar long-term oscillations, with dominant
periods of 7-8 and 12-13 years, and significant correlations between the mean
annual NAO index and annual catches in each port, with some time-lags (1-3 years).
He proposed that NAO-induced environmental variability may enhance the food
supply of red shrimp and, hence, strengthen the reproductive potential of particular
year classes, resulting in increased catches 1-3 years later.

Adriatic Sea

The Adriatic Sea extends northwestwards from 40°N to 45°45'N and has a maximum
length of ca. 770 km. It has a mean width of ca. 160 km, although the Strait of Otranto
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in the south, through which it connects with the Ionian Sea, is only 85-100 km wide.
Its total surface area is ca. 160 000 km?. The depths of the coastal waters are closely
related to the geomorphology of the coastline: where coasts are high and
mountainous, depths are considerable. The site of maximum depth in the Adriatic
Sea, situated south of the central area, is ca. 1300 m. The Po River, which is situated
in the northern part of the Adriatic Sea, is the main source of freshwater inflow. The
seasonal peaks of phytoplankton production in the northern Adriatic tend to coincide
with maximum Po River flow rates (Revelante and Gilmartin, 1976).

In the Adriatic Sea, winds can cause water-column mixing, advection, and deepening
of the strong spring—summer stratification in the outflow region of the Po River
(Russo and Artegiani, 1996). Dominant winds are the Bora and the Sirocco. The Bora
is a cold, dry wind, blowing from the Balkans and funnelling along the valleys of the
Dinaric Alps. In the specific areas where it reaches the Adriatic Sea, it is very strong
and causes intensive heat loss from the sea surface (Santojanni et al., 2006a). Its
direction varies locally (from north—northeast to northeast), and its duration typically
spans a few (2-3) days; it is more frequent in winter. The Sirocco is a moderate,
warm, wet wind that blows from the southeast along the major axis of the basin. It is
more frequent in spring and autumn, and its duration is generally similar to that of
the Bora.

With respect to water masses, two different thermohaline layers can be recognized in
the central Adriatic: the surface layer (down to 20 m) and the intermediate layer
(from 20 to 100 m, Grbec et al., 2002). The surface layer is under a strong atmospheric
influence, whereas in the intermediate layer, thermohaline fluctuations can be
explained by the horizontal advection of saltier, warmer, and more nutrient-rich
Mediterranean water. The water in this layer comes mostly from the Mediterranean
and originates from LIW. High abundance of pelagic fish has been found in the
intermediate layer (Kacic, 1980).

During the past 30 years in the Adriatic Sea, thermophilic species of ichthyofauna
have increased (Dulci¢ and Grbec, 2000). Fish and zooplankton species that were
previously rare are becoming more abundant, and other new species are being
recorded (Dulci¢ and Grbec, 2000). These observations are related to increasing
temperatures and salinity variations in the Adriatic Sea, which intensified after 1988
(Russo et al., 2002). Other climate changes (increases in storm frequency and rainfall,
and changes in windspeed and direction) have also had an impact on water
properties (e.g. salinity, mixing, altered turbidity), which, in turn, have affected the
whole Adriatic Sea ecosystem (Russo et al., 2002). A number of phenomena, such as
blooms of jellyfish (Pelagia noctiluca) and thaliaceans (Boero, 1996), harmful algal
blooms (by several species of dinoflagellates), and red tides, were triggered by these
meteorological and oceanographic changes (Boero, 2001). Increased surface
temperatures, altered circulation, and precipitation changes causing increased
stratification have been invoked to explain the increased frequency of bottom-water
hypoxia or anoxia (lack or absence of oxygen) in coastal areas of the northern
Adriatic. These phenomena, often associated with mass mortalities of fish and
benthic fauna, alter foodwebs and may have important cascade effects on
biodiversity.

The Adriatic Sea, furthermore, has undergone dramatic changes related to low
temperatures. In winter 2001, it experienced a period of abnormally low surface
temperatures (from 9°C to freezing) that led to mass mortalities of round sardinella
(Guidetti et al., 2002), with consequent alteration of the foodwebs. The Adriatic Basin
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is also the site of deep-water composition, as a result of the Bora winds and their
association with decreased temperatures, although recent studies have reported a
lack of open-sea convection related to higher temperatures and mild winter
conditions. This phenomenon alters deep water and strongly reduces spring
phytoplankton blooms and export production to the deep layers.

Cultural eutrophication is a strong anthropogenic driver in the Adriatic Sea. Studies
of multiple time-series of plankton (from bacteria to zooplankton: Solic et al., 1997)
have revealed increasing long-term trends in both coastal and open-sea areas.
Changes in seasonal abundance of phytoplankton are related to surplus nutrients.
During the 1960s, the phytoplankton maxima occurred in spring and autumn, but
more recently, they have also occurred in summer. The taxonomic composition of the
phytoplankton has changed, so that the proportion of diatoms has decreased and that
of dinoflagellates and coccolithophores has increased. In the zooplankton, copepods
and appendicularians have decreased and cladocerans and thaliaceans have
increased. Coherent decadal oscillations have also been registered in most of the
time-series (Solic et al., 1997), indicating strong dependence of biological productivity
on natural factors, the most important of which are water exchange with the wider
Mediterranean and water temperature.

Historical records indicate that sardine in the eastern part of the Adriatic Sea have
undergone large fluctuations. Zupanovic (1968) linked periods of high sardine
abundance (which alternated with periods of extreme scarcity) to strong inflow from
the central Mediterranean (years of “ingression”: Buljan, 1974) and severe winters,
which produced intensive mixing of the water column. Regner and Gacic (1974)
connected the fluctuations of sardine catches with solar activity. Sinovic and Alegria
(1997) found that the highest index of sardine abundance coincided with years of
high primary productivity and low temperature during the hatching period.

Grbec et al. (2002) have analysed indicators of regional climate and pelagic fish
landings in the Adriatic. They formulated a new regional climate index called the MO
(Grbec et al., 2003), which accounts for the pressure difference between the eastern
Atlantic and the Mediterranean and can be related to salinity and transport of LIW
into the Adriatic (Grbec et al., 2002, 2003). Grbec et al. (2002) found significant
negative correlations between sprat and anchovy landings and the NAO, and
positive correlations between sardine landings, salinity of intermediate water masses,
and the MO. These results are consistent with later investigations by Santojanni et al.
(2006a, 2006b; see below). In the Adriatic, sprat and anchovy prefer lower-salinity
water, and their recruitment success can be associated with river inflow in the
northwestern Adriatic (Agostini and Bakun, 2002). Sardine, on the other hand, can be
associated with higher-salinity water and Mediterranean inflow, which explains the
correlations found by Grbec et al. (2002) and Santojanni ef al. (2006b).

Santojanni et al. (2006a, 2006b) have explored the relationships between sardine and
anchovy recruitment and environmental factors. Santojanni et al. (2006a) analysed
anchovy recruitment time-series associated with five environmental factors: surface
air temperature, surface atmospheric pressure, quadrant specific windstresses, Po
River run-off, and the NAO. They found correlations of anchovy recruitment with
SSE, ESE windstress, and Po River run-off. Low levels of these environmental factors
were observed just before the 1987 collapse of the anchovy, together with a high
frequency of occurrence of northeasterly winds and an extreme positive value of the
NAO index for the previous autumn. The relationships of sardine recruitment to Po
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River inflow and NAO were analysed by Santojanni et al. (2006b), who found only
weak correlations of sardine recruitment with both explanatory variables.

Coll et al. (2009b) analysed trends in several ecosystem components in the northern
and central Adriatic Sea via dynamic foodweb modelling and their links to
environmental changes. They used several environmental indices, such as SST,
salinity, NAO, and MO, which they compared with the model outputs. The primary
productivity estimated by the model has demonstrated a significant decreasing trend
and was found to be positively correlated with the MO and negatively correlated
with the average annual SST (demonstrating an increasing trend). The positive
correlation with the MO is consistent with results obtained in the northwestern
Mediterranean (Massuti et al., 2008b). The results are also consistent with previous
studies, suggesting that water warming and changing inflow of highly saline
Mediterranean water into the Adriatic Sea may greatly affect fish communities
(Dulcic¢ et al., 1999; Grbec et al., 2002, 2003).

Black Sea

The Black Sea is a deep, mostly land-locked basin in eastern Europe. It is linked to the
Mediterranean by the narrow straits of the Bosphorus and Dardanelles, and to the
Sea of Azov by the Kerch Strait. The Black Sea is characterized by a positive water
balance that results in a net outflow into the Mediterranean. With a drainage basin
fivefold more extensive than the sea area (Ludwig et al., 2009), it functions as a
virtually isolated ecosystem and is sensitive to distant anthropogenic activities.
Climate affects the Black Sea via atmospheric transfer and river inflow. The latter has
been demonstrated to be a significant factor in the overall water balance and basin-
scale circulation (Oguz et al., 1995), together with nutrient loading from human
activities on surrounding land. The Danube River provides ca. 70% of the freshwater
inflow. Estimates revealed that 33% of phosphorus emissions were derived from
agriculture and 56% from urban settlements; only 8% were considered to be of
natural origin (Kroiss et al., 2005). The physical environment of the Black Sea has a
major influence across the foodweb at different time-scales (Daskalov, 2003) and has
been demonstrated to be influenced by the Atlantic climate through cross-European
atmospheric teleconnections (Polonsky et al., 1997; Oguz et al., 2006; Llope et al., in
press).

Usually, two concurrent types of trophic control are distinguished: control of prey by
the consumer (top—down) and control of the consumer by the abundance and
availability of prey (bottom—-up). Top—down or bottom—up controls may dominate in
a particular system. Fisheries exert a top—down influence, but can indirectly affect
productivity and growth of non-target organisms and induce compensatory bottom-—
up effects. Bottom—up environmental influences affect productivity of the system
and fish recruitment, but their effect on biomass may be dampened by predation.
Once predation pressure is relaxed, productivity may increase (e.g. from
eutrophication; Daskalov, 2002).

9.4.1 Bottom—up influences: hydroclimate and cultural eutrophication

Several studies have addressed physical processes and their links to biological
productivity in the Black Sea. Physical variables (sea surface temperature,
atmospheric pressure, salinity, sea level, etc.) were explored by Simonov and Altman
(1991). Ovchinnikov and Osadchiy (1991) identified low-frequency patterns in long-
term, winter air temperature data. Polonsky et al. (1997) found significant
interdecadal variability in temperature, density, and run-off data in the northwestern
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Black Sea. The importance of hydroclimate for biological productivity and fish stocks
in the Black Sea was reviewed by Vinogradov (1991), Simonov et al. (1992), Sorokin
(2002), and Daskalov (1999, 2003).
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Figure 9.1. Evidence of long-term changes in hydroclimatic, biological, and anthropogenic indices
from PCA: (a) correlation of the original variables to the first two principal components (PC1 and
PC2, accounting for 17% and 14% of the total variance, respectively); (b) PC scores (light lines)
and Loess smooth (bold lines) against time: PC1 and PC2 display ~10- and ~20-year cycles,
respectively. Variables from different parts of the Black Sea are indexed as follows: SST =sea
surface temperature; SLP = sea level atmospheric pressure; W =windspeed; PREC = precipitation;
RIV =river run-off; PHP =phytoplankton; ZP=zooplankton; NOC=Noctiluca scintillans;
PL = Pleurobrachia pileus; AUR = Aurelia aurita; SPR = sprat; HM = horse mackerel; AN =anchovy;
WH=whiting; TUR=turbott SHAD=shad; P=inorganic phosphorus; OX=oxygen;
HYP =hypoxia; HS=hydrogen sulphide; TRP =transparency; BLO =phytoplankton blooms;
PHYL = Phylophora sp.; MYT =black mussel. The letters W, E, O, and B at the end of the indices
denote West, East, Odessa, and Batumi, respectively. (Modified from Daskalov, 2003.)

Decadal fluctuations are common in multiple physical and biological time-series
(Figure 9.1). Major patterns of variability are apparent on seasonal, interannual (~1-
5years), decadal (~10-12years), and interdecadal (~20-30years) scales (Daskalov,
2003). Correlation between spatially isolated variables, such as Danube run-off
(related to the catchment area in central and eastern Europe) and temperature at the
coastal station in Batumi (eastern Black Sea) may indicate that global climatic factors
influence physical characteristics and circulation in the Black Sea. As the Black Sea is
a virtually closed basin, such global influences are mainly attributable to atmospheric
transfer or river inflow. The latter has been demonstrated to be a significant factor for
the overall water balance and basin-scale circulation (Simonov and Altman, 1991;
Oguz et al., 1995). The main possible sources of low-frequency variability for the
Black Sea are the atmospheric teleconnections with the Atlantic (Polonsky et al., 1997;
Ozsoy, 1999).
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Figure 9.2. Inverse trends across consecutive trophic levels indicating trophic cascade: (a) pelagic
predator fish catch (bonito, mackerel, bluefish (solid lines)) vs. planktivorous fish biomass (sprat,
horse mackerel (dashed lines)); (b) zooplankton biomass (solid lines) vs. phytoplankton biomass
(dashed lines). Light curves give original data (zero mean unit variance values); bold curves give
non-linear trends smoothed by Loess. (Modified from Daskalov, 2002.)

Long-term trends in fish stock time-series may be related to variation in hydroclimate
(Daskalov, 2003). A general increase in biological production was observed during
the 1970s and 1980s (Figure 9.1). A long-term decline in temperature after 1965 may
be responsible for increased upper-layer instability and convection (most important
in winter; Simonov and Altman, 1991; Daskalov, 2003). This process intensifies
divergence (upwelling) and mixing in the central zone and over the shelf
(Ovchinnikov and Popov, 1987), leading to nutrient-enrichment of the upper layer.
An increase in run-off, which peaked around 1980, may also have favoured increased
productivity. By the end of the 1980s, the favourable conditions appear to have
ended; run-off and windforcing decreased and temperature increased.

It is difficult to explain the massive phytoplankton blooms and the rise in small
pelagic fish abundance during the 1980s solely by the influence of natural factors.
Over the last few decades, the role of anthropogenic factors increased (Zaitsev, 1993;
Bologa et al., 1995), but these factors were strongly modulated by physical variability
(Vinogradov and Simonov, 1989; Daskalov, 2003). After 1970, there was an increase in
phosphorus discharge, correlated with increased hydrogen sulphide content, and
inversely correlated with hypoxia coverage (Juravleva and Grubrina, 1993; Zaitsev
and Mamaev, 1997; Daskalov, 2003). Phosphorus, hypoxia, and hydrogen sulphide
indices demonstrated ~10-year variations similar to the run-off (Daskalov, 2003).
Several studies have demonstrated that plankton blooms, hypoxia, and hydrogen
sulphide production were controlled by river run-off, temperature, and wind, and
that their adverse effects increased or decreased in relation to physical forcing
(Fashchuk, 1995; Daskalov, 2003).

9.4.2 Top-down influences: overexploitation of marine predators and effects of
predation

In the Black Sea, the classic scenario of “fishing down the foodweb” (Pauly et al.,
1998) has been taking place. However, in this system, unlike many other marine
systems (Cury et al., 2003), the removal of the top-predators produced a cascade effect
on the whole pelagic foodweb, down to phytoplankton and nutrients (Daskalov,
2002; Figure 9.2).

Major changes in ecosystem structure, biomass, and fisheries took place between the
1960s and 1980s. During the 1960s, piscivorous fish and zooplankton were more
abundant and, as a result, phytoplankton and zooplanktivorous fish were heavily
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grazed (Figure 9.2). Fisheries targeted valuable piscivorous fish and cetaceans. The
situation changed in the 1980s, when the strongest predatory effects were exerted by
zooplanktivorous fish and gelatinous plankton, whereas fish catches were dominated
by zooplanktivorous fish. Overfishing of marine predators provoked cascading
changes, resulting in an increase in zooplanktivorous fish and jellyfish, and a
corresponding decrease in Zooplankton and increase in phytoplankton (Daskalov,
2002; Daskalov et al,, 2007; Figure 9.2). These structural changes led to a decrease in
the mean trophic level in the ecosystem (Daskalov, 2000).

However, top-down effects on the ecosystem were not isolated from other influences
of natural or anthropogenic origin. Eutrophication of both natural (cold weather, high
river inflow) and anthropogenic origin peaked in the mid-1980s (Daskalov, 2003).
Pelagic and demersal fish stocks responded differentially to anthropogenic impacts
(Caddy, 2000), resulting in an increase in small pelagic stocks and a decrease in some
demersal stocks, e.g. turbot (Psetta maeotica), during the 1980s (although others, such
as whiting, increased during the 1980s; Prodanov et al, 1997, Daskalov, 2003). The
decrease in the commercially important turbot and shad (4/osa kessleri pontica) seems
to be attributable mainly to overfishing (Prodanov er al, 1997). However, both
anadromous shad and demersal turbot recruitment series were correlated with river
run-off and were marked by a similar decadal pattern (Daskalov, 2003). The decline
in turbot was also related to eutrophication and bottom hypoxia (Daskalov, 2003).
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Figure 9.3. Time-series of recruitment, spawning-stock biomass (SSB), catch, and fishing
mortality of: (a) sprat, (b) anchovy, and (c) horse mackerel.
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9.4.3 Middle trophic levels: recruitment variability and fish stock collapses

In terms of biomass and landings, small zooplanktivorous fish are clearly dominant
in the Black Sea (Prodanov et al., 1997). As selective zooplankton feeders, they also
have a very important role in structuring the pelagic foodweb (Daskalov, 2002). In the
middle of the foodweb, the trophic interactions between zooplankton and
zooplanktivorous populations are crucial to ecosystem functioning. Other important
actors in this arena are the pelagic recruits of many fish and invertebrate species and
zooplanktivorous zooplankton (chaetognaths, jellyfish, ctenophores).

By the late 1980s to early 1990s, almost all exploited Black Sea stocks synchronously
collapsed (Prodanov et al., 1997). Recruitment failures and heavy overfishing seem to
be the main causes of the collapses (Prodanov et al., 1997; Daskalov, 1999). Other
major events accompanying the collapses were the maximum strength of coastal
phytoplankton blooms (Daskalov, 2003) and the invasion and mass development of
the exotic ctenophore Mmnemiopsis leidyi (Grishin et al., 1994). The situation clearly
resembled a system-wide regime shift, in which many factors interplay to drive the
pelagic ecosystem to a new state, characterized by depleted fish stocks, frequent
blooms of phytoplankton and gelatinous zooplankton, and a generally deteriorated
coastal environment (turbidity, hypoxia; Daskalov et al., 2007).

Time-trajectories of abundance, catch, and fishing mortality (Figure 9.3) can be used
to explore the mechanisms of stock collapse and recovery. Decadal fluctuations in
fish abundance were observed and are probably related to changes in climate
(Daskalov, 1999, 2003). The increase in biomass and catch of small pelagic fish during
the 1970s and 1980s (Figure 9.3) promoted the expansion of powerful trawl and
purse-seine fishing fleets and a steady increase in fishing effort (Anon., 1997; Gucu,
1997). Maxima of catch and fishing mortality were recorded in the late 1980s (Figure
9.3), parallel with the decrease in exploited biomass following recruitment failures in
the previous years. Sharp reductions in biomass and catch in the early 1990s were
described as stock collapses. Fishing effort and fishing mortality also dropped
subsequently because of decreasing profitability of fishing. During the collapse
phase, the size—age structure of the catch shifted towards a predominance of small,
immature individuals (Gucu,1997; Prodanov et al., 1997), and precocious maturation
of young-of-the-year fish was observed (Mikhailov and Prodanov, 2002).

Although some scientists view the decline in sprat as a collapse, others interpret the
decline in catches as the result of decreased fishing effort (because of the economic
crisis) and misreporting. However, all of the survey indices consistently demonstrate
a drop in biomass and recruitment (Prodanov et al., 1997). In the mid-1990s, stocks of
sprat and anchovy started to recover (Figure 9.3a and b). Abundance of sprat reached
levels recorded in the 1980s, but catches were not so high because of the stagnated
economies of Bulgaria, Romania, and Ukraine. Anchovy also recovered, but because
fishing effort and catch remained relatively high (Zengin, 2003), the exploited
biomass could not attain the high levels of the 1980s. Anchovy compete for food with
M. leidyi (Grishin et al., 1994), and this competition probably further affected anchovy
population growth. Despite the partial recovery of anchovy and sprat stocks, levels of
many other valuable stocks (e.g. turbot, bonito, bluefish, shad, and horse mackerel)
have remained low (FAO, 2001), limiting the economic prospects of the fisheries
(Zengin, 2003). The capacity for quick recovery of small pelagic fish in the Black Sea
may be interpreted in the context of reduced predatory pressure and trophic-cascade
theory (Daskalov, 2002).
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Stock collapses in the Black Sea are a good example of how interactions between
physical, biological, and anthropogenic factors may result in feedbacks that amplify
the original signals and drive the system to an undesirable state. Thus, in most cases,
overfishing can be associated with a natural decreasing trend in abundance (Figure
9.3; also Figure 3 in Pauly et al, 2002). Environmental degradation (e.g.
eutrophication and bottom hypoxia) can worsen the conditions for recruit survival,
thus leading to stock collapse, as for Black Sea turbot (Prodanov et al., 1997; Daskalov,
2003).

The population explosion of M. leidyi and its consequences for fish stocks illustrates
the interaction between natural and anthropogenic factors creating several feedbacks
at the ecosystem level. In the 1980s, the system was dominated by small pelagic fish
and by the native jellyfish (Aurelia aurita). After 1985, A. aurita was replaced by M.
leidyi in terms of biomass dominance (Grishin et al., 1994). The explosions of M. leidyi
in 1989 and 1990 corresponded to a decrease in abundance of most fish stocks (Figure
9.3). The exact causes of the timing of the M. leidyi onset are unclear, but decreased
zooplankton consumption resulting from low abundance of overexploited fish stocks
may be one of them (Grishin et al., 1994; Prodanov et al., 1997; Daskalov, 2003; Bilio
and Niermann, 2004).

The rapid development of M. leidyi in subsequent years led to a large decrease in the
zooplankton and strong competition for food between fish and native gelatinous
plankton (Grishin ef al., 1994; Shiganova, 1998). Fish stocks were the most affected by
the depletion of zooplankton. However, although fish larvae represent only a small
part of the diet of M. leidyi (Tsikhon-Lukanina et al., 1992), their consumption is
unlikely to lead to fish recruitment failure. The fishery collapse may not be the only
negative consequence of the M. leidyi invasion; the massive phytoplankton blooms in
the late 1980s to early 1990s (Yunev et al., 2002) can also be associated with a decrease
in zooplankton grazing and a trophic cascade similar to the one that took place in the
1970s to 1980s (Daskalov, 2002). It was hypothesized that the newly introduced Beroe
ovata (Konsulov and Kamburska, 1998) contributed to the regulation of M. leidyi and
further recovery of fish stocks (Kideys, 2002). However, sprat and anchovy stocks
started to recover after the decrease in fishing pressure, when M. leidyi was still
abundant (Gucu, 2002; Daskalov, 2003; Bilio and Niermann, 2004). Therefore, the
main factor leading to the fish stock collapse is now recognized to be overfishing,
whereas the explosion of M. leidyi was an associated factor that depleted the
zooplankton food resources available to fish larvae.

9.4.4 Effect of climate teleconnections and regime shifts in the Black Sea

Oguz et al. (2006) confirmed previously found relationships between climate and
productivity in the Black Sea, and related Black Sea properties to large-scale climatic
variability associated with the NAO. The NAO teleconnection to the Black Sea is
opposite to that in the eastern North Atlantic and the western Mediterranean
(Demirov and Pinardi, 2002). Relatively cold, dry winters occur during the positive
phase of the NAO, whereas milder, wetter winters occur during the negative phase.
The ten-year fluctuations observed in the NAO index can partially explain the Black
Sea climate signal.

Regime shifts in connection with environmental and trophic drivers (fisheries,
predation) were modelled using coupled statistical models (threshold generalized
additive model (TGAM); Llope et al., in press). The models were run in both hindcast
and predictive modes, and successfully simulated the ecosystem dynamic, estimating
the tipping points (thresholds) between alternative regimes. The models resolved for
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interactions between the global (NAO) and regional (eutrophication) drivers and the
bottom—up (productivity) and (trophic cascade) effects. The global climate (indexed
by NAO) has significantly influenced primary productivity in the Black Sea only
when eutrophication (indexed by phosphorus loading from the Danube River) was at
a high level. This may have been the result of increased river inflow (related to
negative NAQO) bringing more nutrients into the sea. The results also suggest that, if
the structure of the original four trophic levels is restored (by the recovery of the top
predators), eutrophication could be more efficiently handled by a more resilient
system.
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Resolving climate impacts on fish stocks

Changes in the distribution of fish

John K. Pinnegar, Georg H. Engelhard, and Georgi M. Daskalov

Introduction

Temperature, together with food availability and suitable spawning grounds, is one
of the primary factors in determining the large-scale distribution patterns of fish.
Because most fish species or stocks tend to prefer a specific temperature range
(Cottant, 1977; Scott, 1982), an expansion or contraction of the distribution range
often coincides with long-term changes in temperature. These changes are most
evident near the northern or southern boundaries of the species' range; theoretically,
warming results in a distributional shift northwards, while cooling draws both
warm- and cold-water species southwards (Rose, 2005). Statistical approaches, such
as correlation analysis, have yielded important information on the pattern of change.
For instance, the recent warming trend in the Northeast Atlantic has coincided with
an apparent northward shift in the distribution of fish species from southern latitudes
(Quéro et al, 1998; Perry et al.,, 2005; Beare et al., 2004).

However, an important complication in assessing the impact of climate change on
fish populations is the disentanglement of its effect from that of other drivers, such as
fishing. In the North Sea, fishing mortality rates have been higher in the south than in
the north (Heath et al, 2003, 2008). Therefore, apparent changes in distribution (as
indicated by Perry er dl, 2005) could be a consequence of local patterns of fishing
pressure and different rates of depletion in spatially segregated substocks
(Hutchinson ez dal., 2001; Wright er dl., 2006). Daan et dl. (2005) also raised the issue of
more rapidly declining populations in the southern North Sea than in the northern
North Sea. The effect of fishing may thus have interacted with the effect of climate
and enhanced the apparent northward shift of fish species reported by Perry et al
(2005) and more recently by Rindorf and Lewy (2006).

Heath (2007a) looked at patterns in international fisheiy landings data for the entire
Northeast Atlantic region, covering 341 taxonomic categories. Densities of landings of
each species category (tkirr2) for all nations were summed for the decadal periods
1973-1979, 1980-1989, and 1990-1999, and expressed as a proportion of the total
Northeast Atlantic landings. Changes in the mean latitude of landings of each species
category indicated both northward and southward shifts between decades. More
species shifted southwards than northwards between the 1970s and 1980s, and vice
versa between the 1980s and 1990s. On face value, this seems to parallel the
interdecadal changes in sea and air temperatures, both of which demonstrate cooling
between the 1970s and 1980s and warming between the 1980s and 1990s.

Beyond the continued slow shift in fish distributions to more northern and deeper
waters, information on the future prospects for fish communities as a result of climate
change are somewhat limited and often highly speculative. Modelling strategies for
predicting the potential impacts of climate change on the natural distribution of
species have often focused on the characterization of a species' "bioclimate envelope"
(Pearson and Dawson, 2003). In other words, by looking at the current range of
temperatures tolerated by a species, it is possible to predict future distribution if we
know how the physical environment in an area is likely to change in future. This
approach is being applied to fish communities by a number of research groups across
Europe (especially under the EU RECLAIM project). In addition, a worldwide
analysis was recently carried out (Cheung ef dl,, 2009) using this technique, based on
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1066 commercial fish and invertebrate species. This study suggests that climate
change may lead to numerous local extinction events by the year 2050, especially in
subpolar regions, the tropics, and semi-enclosed seas (e.g. the Mediterranean). It also
suggests that pelagic species, such as herring (Clupea harengus) and anchovy
(Engraulis encrasicholus), will move polewards by up to 600 km, and demersal species,
such as cod (Gadus morhua) and haddock (Melanogrammus aeglefinus), by an average of
223 km (Figure 10.1).
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Figure 10.1. Output of the "bioclimate envelope" model for cod (Gadus morhua) in 2001 (original
distribution) and 2050 (future distribution). Note: this is only one of the 1066 species considered
in the global analysis carried out by Cheung et al. (2009).

Fishery implications

Distribution shifts may have knock-on impacts on commercial fishery catches
because changes in migration or spawning behaviour affect the catchability of
individuals with fishing gear. Populations may move away from (or towards) an area
where fishing fleets operate and/or an area where spatial restrictions on fishing are in
place (ICES, 2007h). Also, species distributions may shift across the boundaries
between areas where quotas belong to different nations. For example, this situation
could arise as a result of TAC allocations between Norway and the EU, or between
Iceland and the EU, if species such as mackerel (Scomber scombrus) or herring move
away from the EU sector. The EU fisheries may then no longer be able to catch their
full quota within indigenous waters, leading to potentially difficult political
negotiations between nations regarding future access to key fish stocks and national
allocation keys. International law provides that coastal states have sovereign rights to
manage fisheries in waters under their jurisdiction. It is estimated that >90% of the
global fish catch is taken within waters under the jurisdiction of particular coastal
states.

Biogeographic changes may also affect the distance that must be travelled by fishing
boats to reach the target resources, with impacts on fuel costs and time at sea. An
increase or decrease in the number and severity of storms could also affect the ability
of fishing boats to access resources, particularly if a days-at-sea management regime
is in place. In addition, local fleets may need to adapt to the appearance of new
species, whether or not they are commercially valuable. In some cases, climate change
may offer new opportunities; for example, UK and French vessels have recently
adapted to target squid in the Channel. However, other species may pose a threat to
fisheries by damaging fishing gears or acting as a vector for dangerous diseases,
which subsequently have an impact on native stocks.
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Non-stationarity of natural ecosystems has been a confounding factor influencing the
apparent success or failure of closure areas in the North Atlantic, including the
southern North Sea “Plaice box” (see van Keeken et al., 2007). In the North Sea,
juvenile plaice (Pleuronectes platessa) are typically concentrated in shallow inshore
waters and move gradually offshore as they become larger. Surveys in the Wadden
Sea, however, have demonstrated that 1-group plaice are almost absent from the area
where they once were very abundant. This is probably linked to changes in the
productivity of the region, but also to the changing temperature of the southern
North Sea, which has warmed considerably in recent years. The “Plaice box” is now
much less effective as a management measure than it was 10 or 15 years ago.

The boundaries (and expectations) of marine protected areas (MPAs) may need to be
adaptive in future. For example, fishery closures in the Bornholm Basin of the Baltic
Sea do not account for year-to-year environmental variability and particularly the
periodic inflow of water from the North Sea, which greatly influences the spawning
location and year-class strength of species like cod. In some years, the Bornholm
closure area is successful in protecting much of the cod stock, but in other years, most
of the spawning population is found outside the boundaries of the protected area;
accordingly, the MPA offers no protection at all (for a review of Baltic closure areas,
see ICES, 1999, 2004b).

Cheung et al. (2010) attempted to predict changes in global catch potential of
exploited marine fish and invertebrates from 2005 to 2055 under various climate-
change scenarios (based on their earlier paper using the “bioclimate-envelope
approach”, Section 10.1). The study suggests that climate change may lead to large-
scale redistribution of global catch potential, with an average 30-70% increase in
high-latitude regions, but a drop of up to 40% in the tropics. Maximum catch
potential declines considerably at the southern margins of semi-enclosed seas (such
as the Mediterranean and Baltic), but increases at the poleward tips of continental
shelf margins. The European Economic Zones (EEZs) with the highest increase in
catch potential by 2055 incdude Norway, Greenland, the US (Alaska), and Russia
(Asia). In contrast, EEZs with the biggest loss in maximum catch potential include
Indonesia, the US (excluding Alaska and Hawaii), Chile, and China.

Distribution of fish

10.3.1 Barents Sea

The waters in the Barents Sea have undergone marked temperature changes over the
past 200 years, being relatively cold in the late 19th and early 20th centuries, warm
from the 1920s to the 1950s, cool through the 1960s to the 1980s, and warm during the
past decade or more (Drinkwater, 2006).

During the warm period of the 1920s to 1950s, the distribution of fish species, such as
cod, haddock, and herring, expanded northwards and eastwards (Drinkwater, 2006).
A similar geographic expansion of Atlantic-associated benthic invertebrate species
occurred, whereas Arctic species declined (Berge et al., 2005). During recent warming,
large numbers of blue whiting (Micromesistius poutassou) have extended their
distribution northwards as far as the western entrance of the Barents Sea, and blue
mussels (Mytilus edulis) have appeared in Svalbard after a 1000-year absence (Berge et
al., 2005). Similarly, Gjoseter (1998) has demonstrated that, in warm years, the
overwintering areas of capelin (Mallotus villosus) in the Barents Sea extend farther east
and north than in cold years (based on information in Ozhigin and Luka, 1985).
Capelin larvae also seem to be distributed in different areas in warm and cold years.
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In some years, the western limit is at 14-16°E (e.g. 1986/1987 and 1994/1995), whereas
in other years, the western limit is much farther east, at ca. 30°E on the Varanger
Peninsula in eastern Finmark (e.g. 1981-1985). The northward extension is normally
at around 73-74°N. However, in years when the distribution is eastwards, the
northern limit is also displaced far to the south, at 71-72°N.

Under projected warming in the Barents Sea, Atlantic species of fish and benthos are
expected to extend farther eastwards and northwards, more species will spawn
farther north, as observed for cod (Drinkwater, 2005), and new spawning sites are
likely to be established. Herring and blue whiting will spread farther eastwards, and
salmon (Salmo salar) abundance is likely to increase in Russian waters, as previously
observed (Lajus et al., 2005), and to extend to northern Spitsbergen. A study by
Fossheim et al. (2006) considered the changing distributions of fish species in the
southwestern and central part of the Barents Sea. Cluster and correspondence
analyses suggested that the fish community consists of four distinct assemblages:
northern, southern, deep, and central. Temperature explained 26.2% of the variation
in the species data, and depth 14.5% of the variation.

10.3.2 Nordic seas

The Nordic seas, which include the Greenland, Norwegian, and Iceland seas, are a
transition zone for warm, saline Atlantic Water on its way to the Arctic, and for cold,
less saline, deep waters flowing from the Arctic to the Atlantic Ocean. The
Greenland—-Scotland Ridge forms a barrier between the deep waters of the Nordic
seas and the North Atlantic.

Large ecosystem changes have been observed in this ecoregion in the recent past. For
example, the abundance of Norwegian spring-spawning herring increased during the
warming in the 1920s, decreased during the cooling period in the 1960s, but has risen
again since the temperature increases in the 1990s (Toresen and Ustvedt, 2000).
During the warm period of the 1920s-1950s, herring migrated from spawning
locations on the west coast of Norway and around the Faroes to feeding grounds off
northeast Iceland (Vilhjalmsson, 1997). As the Arctic Front shifted southeastwards
during the colder 1960s, the herring feeding grounds moved farther east to southwest
of Spitsbergen. When colder climatic conditions and very high fishing mortality
caused the herring population to decline to drastically low levels, the remaining
individuals no longer migrated into the Norwegian and Greenland seas, but stayed
near the Norwegian coast to both feed and spawn (Vilhjalmsson, 1997). In the 1990s,
as temperatures warmed and the population increased, the population again began
migrating back towards Iceland to feed (ACIA, 2005).

Capelin, the major prey of adult cod off Iceland, have moved farther northwest
during the recent warming period, requiring the capelin fishing fleet to travel farther
to obtain their catches. This distributional shift is somewhat similar to the response
observed during the early 20th century when the capelin population shifted
northwards. Increased abundance and spatial distribution of blue whiting has been
observed in Icelandic waters, especially in the northern and eastern areas. Increased
spatial distribution of Icelandic summer-spawning herring has also been observed,
making acoustic measurement and fishing more difficult, and possibly affecting the
natural mortality of this species (Bjornsson and Palsson, 2004). Changes in
distribution have been noted for a number of other fish species, e.g. haddock, whiting
(Merlangius Merlangus), and monkfish (Lophius piscatorius). Generally, the abundance
of species that are on the northern boundary in Icelandic waters has increased,
whereas cold-water species have retreated (Bjornsson and Palsson, 2004).
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Much has been written about climate change and the distribution of cod in the
Nordic seas region (e.g. Sundby and Nakken, 2008). Arcto-Norwegian cod tend to
produce strong year classes in warm years and poor year classes in cold years. Along
the Norwegian coast, cod spawning grounds tend to be displaced northwards during
warm periods (1910-1940s, and 1980 to present), but spawning occurs farther south
during cold periods (e.g. 1950s-1970s). A time-series for 1900-1976 on cod roe
indices along the coast demonstrates that the southernmost spawning areas are more
important during cold periods, and the northernmost ones in warm periods. After
1976, qualitative observations show that there have been poor spawning fisheries in
the southernmost spawning areas, but from 2003 onwards, spawning has been
observed along the coast of East Finnmark (in the far north), where it had not
occurred during the previous 40 years (e.g. Sundby and Nakken, 2008).

Similarly, cod distribution has varied significantly around Iceland during warm and
cool periods (Drinkwater, 2008). Prior to warming in the 1920s, Icelandic cod
spawned almost exclusively off the south coast. However, as the waters warmed, cod
spawning spread northwards until there were major spawning locations around the
whole of Iceland (Semundsson, 1934). Interestingly, the condition of the cod south of
the island declined, whereas those off the north coast were in good condition. This
was attributed to a distributional change in capelin, the main prey for cod. Capelin
spawning shifted to the north coast of Iceland, resulting in a scarcity of capelin along
the south coast and, hence, a lack of food for the cod that remained there
(Seemundsson, 1934).

Much has been written about the effects of the early 20th-century warming on West
Greenland cod. There are two subpopulations of cod off West Greenland: a local
inshore cod, which is found mostly in the fjords, and a component that occupies the
offshore banks. The abundance of inshore cod is generally low, but relatively stable,
whereas the offshore cod has exhibited extremely large variability. The offshore cod
spread northwards from the late 1910s to the early 1930s, from near the southern tip
of Greenland to Upernavik, a distance of over 1200 km (Jensen, 1939). Most of the cod
in West Greenland offshore waters are believed to originate in Iceland. Their rather
sudden appearance in the 1920s is thought to be the result of a combination of
increased transport of larvae from Iceland, because of the increased flow of the
Irminger Current, and high survival of larvae once they reached West Greenland
waters, owing to favourable environmental conditions (Jensen, 1949; Dickson and
Brander, 1993).

Cod landings increased rapidly in 1924/1925, and the fishery yielded relatively
moderate landings through the 1930s. The catch declined during the war years (late
1930s to mid-1940s). It then rose rapidly through the 1950s to a peak in the early
1960s before declining because of intensive fishing pressure and deteriorating climate
conditions, as indicated by the drop in ocean temperatures. Off Greenland, during
the latter half of the 1990s and into the present century, cod recruitment per
spawning—stock biomass has increased compared with the low values typically
observed since the 1970s (Wieland et al., 2006). Since 2004, there has been inferred
spawning off East Greenland, and in spring 2007, large cod were observed spawning
there (ICES, 2007g) for the first time in many years. This is considered a good sign for
future fisheries in West Greenland, because it is expected that many of the larvae and
juveniles would probably be transported by the Irminger Current to West Greenland
(from Drinkwater, 2008).
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10.3.3 North Sea

Northward range extensions and changes in the geographic distribution of plankton
and fish populations have been observed in the North Sea, and these have been
related to regional climate warming (Brander et al., 2003; Perry et al., 2005). Warmer-
water species of plankton, for example, have extended their range northwards by
1000 km in only 40 years, and colder species have retreated from the North Sea
altogether (Beaugrand et al., 2003). A study of 36 species of demersal (bottom-living)
fish with varied biogeographic origins indicated that centres of distribution of species
generally shifted by distances ranging from 48 to 403 km during 1977-2001 (Perry et
al., 2005). The mean latitude of species such as Atlantic cod and anglerfish or
monkfish shifted northwards in relation to warming, whereas mean latitude did not
change for some species; rather, a shift to deeper, cooler depths with warming was
evident in these, e.g. plaice, cuckoo ray (Leucoraja nacvus; Perry et al., 2005). Hedger et
al. (2004) also analysed the survey distributions of cod and haddock in the North Sea.
These authors demonstrated that cod were found in deeper water during 1990-1999
compared with 1980-1989, but their distribution with respect to temperature was
largely unchanged.

A study by Dulvy et al. (2008) has explored the year-by-year distributional response
of the North Sea demersal fish assemblage to climate change over the 25 years from
1980 to 2004. The centre of gravity of latitude and depth of 28 species of bottom-
dwelling (demersal) fish was estimated from species data collected by the autumn
English groundfish survey. Individual species’ responses were aggregated into 19
assemblages, reflecting physiology (thermal preference and range), ecology (body
size and abundance—occupancy patterns), biogeographic origin (Boreal-Lusitanian
and presence of range boundaries), and human impact (target, bycatch, and non-
target). The whole North Sea demersal fish assemblage deepened by ~3.6m per
decade in response to climate change, and the deepening was coherent for most
assemblages. The latitudinal response to warming seas was more heterogeneous and
was a composite of at least two patterns: (i) a northward shift in the average latitude
of abundant, widespread, thermal specialists (grey gurnard (Eutrigla gurnardus) and
poor cod (Trisopterus minutus)); and (ii) a southward shift of relatively small southern
species with limited occupancy and a northern range boundary in the North Sea
(scaldfish (Arnoglossus laterna), solenette (Buglossidium luteum), bib (Trisopterus luscus),
sole (Solea solea), and lesser spotted dogfish (Scyliorhinus canicula)).

The southward shift of warm-tolerant Lusitanian species is consistent with climate
change acting through (i) the warming and increasing availability of shallow habitats
in the southern North Sea, and (ii) NAO-linked inflows of warm water into the
northeastern North Sea. The northern North Sea tends to be colder than the southern
North Sea in summer, but the situation is reversed in winter. Some southern North
Sea species were previously excluded from large areas of shallow inshore habitat in
winter because these waters cool to <1°C. For example, sole tend to overwinter in
deeper, warmer waters, before returning to the shallows in spring, in order to avoid
the lethally cold winter temperatures (Henderson and Seaby, 2005). However, there is
now anecdotal evidence that sole are arriving inshore earlier, owing to the rapidly
warming seas in winter. During severe winters in the North Sea in the 1960s, mass
mortality events were reported for Lusitanian species, such as sole and conger eel
(Conger conger), but only rarely for Boreal species, such as cod, plaice, and dab
(Limanda limanda; Woodhead, 1964a).

Brander et al. (2003) suggested that sardine (Sardina pilchardus) and anchovy
(Engraulis encrasicolus) have moved northwards in recent years and extended their
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ranges to include west Norway. Small numbers had occasionally and sporadically
been caught in ICES Area IVa (the northern North Sea) since 1925 (Beare et al., 2004),
and anchovy were recorded as spawning in the Zuiderzee until it was dammed in
1932 (also in the German Bight during the 1950s and 1960s; Boddeke and Vingerhoed,
1996). However, numbers seem to have increased dramatically since 2000 and are
now widely distributed (over almost 80% of the International Bottom Trawl Survey
area), except in the most northern and western regions (Figure 10.2).

In 1996, a paper was published describing long-term variation in the abundance of
southern species in the southern North Sea (Corten and van de Kamp, 1996) in
relation to hydrography. Two periods of increase in the prevalence of southern
species were described in the mid-1970s and 1990s. Both periods coincided with
positive temperature anomalies, which, in turn, correlated with southerly winds over
the Netherlands, indicating increased flow of Atlantic Water through the Straits of
Dover. The authors concluded that the increases were not part of a systematic long-
term trend, but instead were the result of increased transport of southern fish species
into the North Sea and favourable winter temperatures.

2000-05

Figure 10.2. Changes in distribution of anchovy (Engraulis encrasicolus) between 1977-1989 and
2000-2005 in the North Sea, Quarter 1: International Bottom Trawl Survey (from Tasker, 2008).
Upper left panel: distribution in the initial period (1977-1989). Upper right panel: distribution in
2000-2005. Lower panel: the change in distribution between the two periods. Blue-green colours
indicate an increase in density, with dark colours indicating the largest change; yellow-red
colours indicate a decrease in density between the two periods, with red indicating the largest
changes. The graph (upper centre panel) shows the proportion of the total survey area where an
increase and decrease occurred, broken down by degree of increase or decrease (categories 1-6).
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Beare et al. (2004) revisited this issue and concluded that profound long-term changes
are occurring. Most species classified as having southern biogeographic affinities
exhibited almost exponential increases in abundance since the mid-1990s (which
might be thought to support the case of Corten and van de Kamp, 1996). However,
these increases were common to what is a very diverse range of fish species,
encompassing a variety of taxa and habitat preferences. The lesser weeverfish
(Echiichthys vipera), for example, is always confined to shallow, southern parts of the
North Sea, whereas the bluemouth (Helicolenus dactylopterus) is a deep-water, shelf-
edge species, yet both have demonstrated similar increases since 1990. Poor cod, John
dory (Zeus faber), horse mackerel (Trachurus trachurus), mackerel, tub gurnard (Trigla
lucerna), and red gurnard (Aspitrigla cuculus) have all increased in abundance over the
past decade, but there were also peaks in the mid- to late 1950s, and mid-1970s, in
addition to those observed more recently.

The invasion of the northern North Sea by bluemouth has been noted by Dutch
scientists (Heessen et al., 1996). The main invasion took place in 1991, with the sudden
appearance of many small (6—8 cm) bluemouth in the northern North Sea, which then
spread all around the shelf area until 1997. Abundance then began to diminish, and
observations became limited almost exclusively to only two statistical rectangles
north of Dogger Bank (Mamie et al., 2007), and no bluemouth were recorded in
Quarter 1 of 2004. Examination of the length—frequency data for bluemouth suggests
that there have been two main recruitments (Mamie ef al., 2007): the first in 1991 and
the second in 1998. Heessen et al. (1996) suggested that a large pulse of oceanic water
entered the North Sea in 1990 (Heath et al., 1991), and this might have transported
bluemouth eggs and larvae into the area, where they then developed gradually. The
study by Beare ef al. (2004) adds further weight to this theory, because the influx of
small bluemouth individuals noted in 1998 was probably related to eggs and larvae
transported by another large Atlantic input that occurred during November and
December 1997 (Edwards et al., 1999).

There have been other, similar invasions of warm-water species, incuding the
current influx of snake pipefish (Entelurus aequoreus; Lindley et al., 2006; Harris et al.,
2007; Kloppmann and Ulleweit, 2007; van Damme and Couperus, 2008). It has been
suggested that this influx might pose a threat to certain marine predators, notably
seabirds (Harris et al., 2007), but snake pipefish have also been reported as occurring
in the stomach contents of commercially important fish species (Stafford et al., 2006),
possibly associated with a lack of “usual” prey types, such as sandeel (Ammodytes
marinus). Kirby et al. (2006) speculated that the increased abundance of larval and
juvenile E. gequoreus in Continuous Plankton Recorder (CPR) samples as far west as
the Mid-Atlantic Ridge may coincide with the rise in winter, spring, and summer sea
temperatures (January—September), when the eggs, which are brooded by the male,
are developing and the larvae are growing in the plankton. Van Damme and
Couperus (2008) put forward the alternative hypothesis that the sudden appearance
of this species is a result of changes in zooplankton availability, which, in turn, have
been caused by changes in the hydroclimatic environment.

Other species that have recently appeared in the North Sea for the first time (or have
re-occurred after a very long absence) include the violet stingray (Pteroplatytrygon
violacea), butterfish (Stromateus fiatola), thresher shark (Alopias vulpinus), and broad-
billed swordfish (Xiphias gladius). The short-snouted seahorse (Hippocampus
hippocampus) seems to be expanding its range northwards from its stronghold in the
English Channel (Pinnegar ef al., 2008).
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Throughout the geographic range of cod, many stocks occupy areas with mean
annual seabed temperatures between 1 and 11°C, although the full thermal range
extends from -1 to 19°C (Sundby, 2000). In the face of global warming, cod
populations are predicted to retreat from southern areas, such as the North Sea, and
expand into cooler, typically northern areas on yearly (Blanchard et al., 2005) or
decadal time-scales (Drinkwater, 2005). Cod are known to be capable of moving great
distances (approx. 1000km; Robichaud and Rose, 2004) and, hence, could
theoretically relocate to anywhere in the North Sea. However, a study by Neat and
Righton (2007), based on observations of the temperatures experienced by 129
individual cod (using data-storage tags), suggested that, by summer, most of the
individuals in the south experienced temperatures considered superoptimal for
growth. Cooler waters were within reach of the cod, and a small number of
individuals migrated to areas that allowed them to experience lower temperatures,
indicating that cod had the capacity to find cooler water. Most did not, however,
suggesting that the changing thermal regime of the North Sea is not yet causing adult
cod to move deliberately to cooler waters. Rindorf and Lewy (2006) have argued that
a series of winters characterized by high temperatures, together with strong southerly
winds (during the egg and larval phases), has led to an apparent northward shift in
the distribution of juvenile cod. A concomitant northward shift by mature fish
around the time of spawning was linked directly to a tendency for northerly
distributed juveniles to retain this distribution throughout their entire life. This shift
led to an overall northward shift in the centre of gravity of the species, supporting the
contention of Perry et al. (2005).

The Thames Estuary fish assemblage is composed largely of juvenile individuals that
use the estuary as a nursery habitat (FSBI, 2007). Attrill and Power (2002)
demonstrated that patterns in the NAO coincided with variation in the structure of
the fish assemblage (explaining 54% of variation), growth of many juvenile residents
(76% of variation), and the abundance of the dominant species (69% of variation).
Flatfish and “northern” species (e.g. herring) demonstrated a negative relationship
between abundance and the NAO, whereas those species considered “southern”, e.g.
bass (Dicentrarchus labrax) and sprat (Sprattus sprattus), demonstrated a positive
relationship. The abundance of gadoid fish, sole, and estuarine species, e.g. smelt
(Osmerus eperlanus), pipefish, and pogge (Agonus cataphractus), was not related to
variation in the NAO (Attrill and Power, 2002).

Climate change has been predicted to lead to changes in local and regional species
richness through species extinctions and latitudinal ranges shifts. In the North Sea,
species richness of fish fauna increased from 1985 to 2006, which Hiddink and ter
Hofstede (2008) suggested was related to large-scale biogeographic patterns and
climate change. Eight times as many fish species displayed increased distribution
ranges in the North Sea (mainly smaller species of southern origin) compared with
those whose range decreased (primarily large and northern species). This increase in
species richness can be explained by the fact that fish species richness, in general,
decreases with latitude. For marine fish, Macpherson and Duarte (1994) found a
decline in species richness of approximately 1% for each degree of latitude for East
Atlantic teleosts and elasmobranchs on both sides of the equator, regardless of
habitat, and an increase in average maximum length with both depth and latitude.

10.3.4 Baltic Sea

The Baltic Sea is characterized by low salinities and low biodiversity, and by a closed
circulation in the central basin. Salinity, temperature, and oxygen content of the



ICES Cooperative Research Report No. 301 | 103

different water layers are the factors that determine the distribution and abundance
of marine fish in the Baltic Sea. Both water temperature in summer and the extent of
ice cover, which reflects the thermal state in winter, exhibit large variations. Winter
conditions, which are most severe in the Bothnian Bay and in the easternmost Gulf of
Finland, limit the species of marine Boreal origin.

Despite the large number of marine fish found as occasional visitors or strays in the
Baltic Sea, successful establishment has been limited. Of approximately 120 marine
fish species in the North Sea, fewer than 30 occur permanently and can reproduce in
the Bornholm area, and only 6-10 do so in the Bothnian Bay (Zenkevich, 1963;
Haahtela, 1974). Marine species such as sole and plaice are common in the Kattegat
but become much less common farther south and east—northeast into the Baltic.

The interannual variability of the Baltic Sea is modulated by the NAO and by the
inflow of Atlantic Water from the North Sea. In the 1990s, inflow from the North Sea
was relatively weak and infrequent. The situation caused a retreat of marine species
from the northern and eastern areas and favoured freshwater fauna (Lumberg and
Ojaveer, 1991). Fish of marine origin (especially cod, flatfish, herring, and other
species that depend mainly on influxes of oxygenated saline water and the
accompanying increases in productivity) were affected both by the deterioration in
conditions for reproduction and by changes in the abundance and composition of
prey (Bagge et al., 1994; Nissling et al., 2002; Ojaveer and Kalejs, 2005).

During periods of low salinity, the abundance and spatial distribution of marine
species is reduced. Probable earlier immigrants (e.g. gulf herring) are less dependent
on saltwater inflows, but depend more on local processes. The success of marine
species in different areas of the Baltic Sea has been variable, and species adaptation,
mediated by climate oscillations, has resulted in the formation of distinct local
populations (Ojaveer and Kalejs, 2005).

The spatial and temporal distribution of cod in the Baltic Sea varies seasonally and
between years. The migrations between spawning, feeding, and nursery habitats
demonstrate seasonal and annual changes caused by changes in the physical and/or
biological environment (Aro and Plikshs, 2004). By migrating to different areas for
purposes such as feeding and reproduction, an individual can optimize its fitness as
well as minimize the negative impacts of a fluctuating environment (Aro, 1989). Baltic
cod has decreased since 1985, and reached a historical low in 1992. During the past 15
years, only two major inflows have occurred and, consequently, large areas with
hypoxic and anoxic conditions have developed. Analyses by Hjelm et al. (2004)
confirmed that oxygen was the main factor affecting cod density and distribution.
Tomkiewicz et al. (1998) attempted to explore the oceanographic influences on the
distribution of Baltic cod during the spawning season in the Bornholm Basin. Cod
distribution, abundance, and population structure were estimated from
hydroacoustic and trawl data and related to hydrographic parameters as well as to
bottom depth. Salinity and oxygen conditions were found to be the major factors
influencing the vertical and horizontal distribution of adult cod. The effect of
temperature was minor.

Plaice is a commercially important species in the Kattegat and, to a lesser extent, in
the Belt Sea (MacKenzie et al., 2007). Its spatial distribution depends partly on the
salinity gradient through the Kattegat—Belt Sea-western Baltic. In addition,
interannual variations in juvenile plaice abundance in the Kattegat are at least partly
controlled by wind-driven hydrographic transport of eggs and larvae from the
Skagerrak (Pihl, 1990; Nielsen et al., 1998). Plaice was common in the central Baltic
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(ICES Subdivisions 25-28) in the earlier decades of the 20th century, when it
supported directed commercial fisheries (Temming, 1989). The stock dedlined in the
late 1930s-1940s because of recruitment failures associated with recruitment
overfishing and unsuitable hydrographic conditions for survival of eggs and larvae
(Temming, 1989). Since the mid-1980s, the plaice population has remained small
(ICES, 2005b), despite much lesser abundance of an important predator (cod) and
lower bycatch mortality in the cod fishery. Presumably, plaice recovery has been
delayed because hydrographic conditions (salinity and oxygen levels in deep water)
since the early 1980s have generally been unfavourable for fertilization and survival
of eggs in this region (Nissling et al., 2002).

The dab (Limanda limanda) currently inhabits the Kattegat and the western Baltic.
However, historically, the dab also existed in the central Baltic and used the
Bornholm Basin as its main spawning area (MacKenzie ef al., 2007). Catch statistics
and research surveys indicate that the dab stock in the central Baltic collapsed with
the plaice stock during the early 1930s-1940s (Temming, 1989). Unlike the plaice
stock, the dab stock has never recovered. Compared with other marine species (e.g.
plaice, flounder, and cod) in the central Baltic, higher salinities are required for
activation of spermatozoa and successful fertilization of eggs (Nissling et al., 2002).
Dab eggs are, therefore, less likely to be fertilized and to survive at low salinities than
the eggs of other marine species in the Baltic.

The flounder (Platichthys flesus) is a third commercially and ecologically important
flatfish species in the area. The flounder is able to reproduce (i.e. activation of
spermatozoa, fertilization of eggs) at lower salinities than other flatfish in the Baltic
and, therefore, its habitat and biomass are much larger (Nissling et al., 2002). Its
distributional range extends from the Kattegat into the central-northern Baltic,
including low-salinity coastal areas. Catch rates in the eastern and northern areas
(e.g. Gulf of Finland) rise 3—4 years after increases in bottom salinity caused by major
Baltic inflows and subsequently fall in the period between inflows (Ojaveer and
Kalejs, 2005).

Some marine species enter the Baltic seasonally from the Kattegat, North Sea, and
open Northeast Atlantic. These species include garfish (Belone belone) and mackerel
(MacKenzie et al., 2007). Other species (e.g. some herring populations) leave the Baltic
on a seasonal basis. The timing of migration to and from the Baltic, as well as the
residence time within (or outside) the Baltic, are determined partly by climatic
variables, induding temperature. For example, the arrival and departure of garfish to
and from the Baltic occurred earlier in the warm years during 1986-2005 (Jacobsen,
2006).

10.3.5 Celtic-Biscay Shelf

The Celtic-Biscay Shelf includes the coastal and shelf seas of the northern Bay of
Biscay, the Celtic Sea, English Channel, and the Irish Sea, plus the coastal seas west of
Scotland and Ireland (Philippart et al., 2007a). This region has a complex topography,
with patterns of water movement primarily from the south and west penetrating into
the English Channel and the Irish Sea. Water also leaves the region to enter the North
Sea from the south and west via the English Channel and from the north and west
around Scotland. Observations of sea surface temperatures (55Ts) have been made in
the Celtic-Biscay region since the middle of the 19th century (Philippart et al., 2007a).
The S5Ts reveal that, following a warm period in the 1880s, temperatures cooled until
the early 20th century before increasing from around 1920, and remaining warm until
the 1960s. A cooler period followed the extremely cold winter of 1962/1963 and
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continued well into the 1980s. Since then, accelerated warming has been apparent
(Southward ef al., 2005).

During the warming in the 1930s, the herring fishery in the English Channel
collapsed; this was associated with many changes in the rest of the ecosystem,
indicating that overfishing was probably not the main underlying cause of the
decline. Cold-temperate herring were replaced by warmer-water sardine. These
ecosystem-wide changes were subsequently ascribed to climate change (Southward,
1980). Historical research has since demonstrated that such switches in species
populations were commonplace and have occurred since at least the 13th century
during alternating cold or warm periods (Southward et al., 1988). In the 1960s, there
was a switch back to colder conditions, and the planktonic communities returned to
their previous colder-water characteristics. Populations of sardine declined again.
Herring populations did not recover, however, perhaps because, at that time in the
1970s, stocks were at historically low levels in the eastern English Channel and North
Sea, and recolonization was not possible (Hawkins et al., 2003). Sardine are now
abundant again and have spread farther north into the Irish Sea, as indicated by
higher abundance in annual fish surveys. The warming observed from 1920 to 1960
and the resulting impact on pelagic fish has been related to the Atlantic Multidecadal
Oscillation (AMO), which had previously been described as part of the “Russell
Cycle”.

Abundance of some warm-temperate fish species with southern distributions has
exhibited a tendency to increase in southern UK waters during warming periods
(1950s, 1980s—2002), whereas declines were apparent during cooling episodes (1920s,
1960-1970s). Analysis of fish taxa in the western English Channel over a 90-year
period indicated that 9 of 33 core species (butterfly blenny (Blennius ocellaris),
dragonet (Callionymus gardineri), topknot (Phrynorhombus norvegicus), solenette, poor
cod, lesser spotted dogfish, greater pipefish (Syngnathus acus), thickback sole
(Microchirus variegatus), and red bandfish (Cepola rubescens)) responded strongly to
increasing sea temperatures (Genner et al., 2004). A parallel analysis of 33 species
from power-station intake screens in the Bristol Channel over 22 years demonstrated
similar macroscopic trends, with one species declining in abundance with warming
(the sea snail (Liparis liparis)), and nine increasing (Genner et al., 2004). Somewhat
paradoxically, there was a general lack of increase in Boreal species during cooling
periods (and of decrease during warming periods) compared with responses to
climate by southern species. The reason for this asymmetry in responses between
species of different biogeographic affinity is not known, but complex indirect
processes may be involved (Stenseth et al., 2002; Genner et al., 2004).

A study of the changing fish community in the Bristol Channel was published in 2007
(Henderson, 2007) using data derived from the filter screens of Hinckley Point
nuclear power station. This study identified two periods of discrete change in the fish
community over the past 25 years. The first change occurred in the late 1980s and
involved a shift in the relative abundance of the “permanent” members of the
community. This abrupt event coincided with observed changes in the plankton of
the Northeast Atlantic (Beaugrand, 2004) and was correlated with the winter NAO. A
second discrete change, affecting the total species assemblage, occurred in the early
1990s. This was marked by a sudden alteration in the set of “occasionally occurring”
species. After 1993, these were dominated by species with distributions centred south
of the Bristol Channel, whereas northern cold-water species disappeared. This change
was correlated with average seawater temperature (and possibly AMO) rather than
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NAO. In addition to discrete changes in community structure, the species richness of
fish samples collected from the power station has shown a continuous increase.

Renewed observations of rare fish migrants to UK waters in recent years (Stebbing et
al., 2002), following earlier observations (Russell, 1953), may be related to recent sea
warming,. Sightings of bluefin tuna (Thunnus thynnus), triggerfish (Balistes capriscus),
thresher shark, blue shark (Prionace glauca), stingray (Pteroplatytrygon violacea), turtles,
and seahorses (Hippocampus spp.) are all becoming more commonplace (Stebbing et
al., 2002), as are ocean sunfish (Mola mola; Houghton et al., 2006), although
mechanisms and consequences are poorly understood. Swaby and Potts (1999) made
the first British record of the sailfin dory (Zenopsis conchifer), noting that the species is
advancing northwards along the continental shelf west of the British Isles at a rate of
60 km decade.

Change in migration phenology has been described for the flounder, which has been
demonstrated to undertake a spawning migration 1-2 months earlier when
conditions are cooler (Sims ef al., 2004). To a large extent, timing of flounder
migration is driven by short-term, cimate-induced changes in thermal resources
linked to negative (cool) phases of the NAO. Hence, short-term climate fluctuations
have significant effects on the timing of peak fish abundance in an area, which may
have implications for fisheries (Sims et al., 2004).

Many of the species that have expanded in recent years have been non-commercial,
planktivorous species, such as the boarfish (Capros aper), which has become
particularly prevalent in French and UK survey catches (Pinnegar et al., 2002). This
phenomenon has been reported elsewhere in the North Atlantic, including the Bay of
Biscay (Farina et al, 1997; Blanchard and Vandermeirsch, 2005) and offshore
seamounts (Fock et al., 2002). In the past, C. aper outbreaks have been linked to storms
and variability in offshore climate (Cooper, 1952). Boarfish are now being landed by
Irish fishing boats and converted to fishmeal for aquaculture; in excess of 21584t
were landed in 2008 (Marine Institute, 2009).

Pronounced increases in tropical fish in the Bay of Biscay area have been noted by
scientists in France (Quéro et al., 1998). Many fish species are at the southern or
northern limit of their distribution range in the Bay of Biscay, where large-scale
hydroclimatic changes have occurred in recent decades. Poulard and Blanchard
(2005) attempted to identify the impact of such changes on the fish community using
data collected during autumn groundfish surveys between 1987 and 2002. Results
suggested a trend of increasing abundance with time for fish species having a wide
distribution range (mainly subtropical ones), whereas the abundance of temperate
and least widely distributed species decreased steadily.

The effects of climate change on elasmobranch fish (rays, skates, and sharks) are
poorly understood and contrast to what is known about many important teleost fish.
Some elasmobranch fish are extremely sensitive to temperature variation (i.e. as little
as 0.001°C; Brown, 2003). Although it is currently unclear how important this
sensitivity to temperature might be to their ecology, many elasmobranchs
demonstrate complex behavioural trade-offs that are often associated with
temperature (Sims, 2003). Cotton et al. (2005) demonstrated that a major component
of the interannual variation in relative abundance of basking sharks (Cetorhinus
maximus) off southwest Britain was positively correlated with fluctuations in SST and
the NAO. Results of this study indicate that climatic forcing of the copepod C.
helgolandicus influenced basking shark abundance. At a local scale (0.01-10 km),
basking shark distribution and migration was determined by the abundance of adult
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C. helgolandicus (Sims, 1999; Sims and Merrett, 1997; Sims and Quayle, 1998), with S5T
being less important (Sims ef al., 2003). However, at larger scales (10-1000 km), SST
correlated significantly with basking shark distribution and movement patterns (Sims
and Quayle, 1998; Sims et al., 2000). These observations indicate that, although prey
density is a key factor in determining short-term distribution patterns, long-term
behavioural choices by these ectothermic planktivores may relate more closely to
occupation of an optimal thermal habitat that acts to reduce metabolic costs and
enhance net energy gain (Crawshaw and O'Connor, 1997; Sims et al., 2003).

10.3.6 Iberian upwelling region

The Iberian coastal area includes the continental shelf region and the oceanic part of
the eastern Atlantic Ocean between 35°N and 44°N. A rapid increase (1993—-1994) in
abundance of the rare, warm—temperate copepod Temora stylifera occurred in the Bay
of Biscay, which correlated with the decreasing abundance of the coastal T.
longicornis. Several other organisms of subtropical origin have been detected during
recent years (Guerra et al., 2002). There have been changes in species abundance and
diversity of intertidal communities (Sanchez et al., 2005) and northward displacement
of southern-origin species, i.e. the limpet (Patella rustica; Lima et al., 2006). Notably,
there have been changes in exploited fish populations such as pilchard (sardine),
anchovy, mackerel, and horse mackerel, but it is difficult to differentiate between the
impacts of climate and of fishing effects.

Although juvenile nurseries of Solea solea and S. senegalensis are located inshore,
spawning takes place offshore (Russell, 1976; Whittames et al., 1995). Thus, larvae
must migrate from the spawning grounds along the continental shelf towards
shallow coastal areas, and particularly estuaries. These species are among the most
commercially important fish using the Tagus estuary in Portugal. Previous studies in
the Tagus estuary have reported trends in the fish assemblage related to climatic
change. Although cold-water fish species have been disappearing from the estuary,
fish species with tropical affinities have been increasing in abundance (Cabral et al.,
2001). Costa et al. (2007) reported an important effect of river flow on the fish
assemblage of the Tagus estuary. Vinagre et al. (2007) demonstrated a positive
correlation between river drainage and juvenile densities of both sole species,
possibly because of the existence of chemical cues used by larvae for movement
orientation. In contrast, no strong correlation was found between the NAO and/or the
north-south wind component and sole densities, and it was concluded that the high
complexity of the Portuguese upwelling system makes it hard to detect clear causal
relationships with the environmental variables tested. Since climate-change scenarios
predict a strong decrease in rainfall over the Portuguese river basins, as well as a
concentrated period of heavy rain in winter, it was hypothesized that a future
decrease in river drainage over much of the year may lead to lower recruitment
success for the soles, especially for S. senegalensis.

10.3.7 Mediterranean and Black seas

In the western Mediterranean, climate change has been demonstrated to affect the
boundaries of biogeographic regions, with some warm-water species extending their
ranges and colonizing new areas where they were previously absent (Philippart et al.
2007a). The northward migration of species with an affinity for warmer waters has
been demonstrated in several regions (Bianchi and Morri, 1994; Morri and Bianchi,
2001). The Ligurian Sea, one of the coldest areas in the Mediterranean, has a smaller
number of subtropical species and a higher abundance of species characteristic of
cold—temperate waters. The warming of Ligurian waters (Béthoux et al., 1990;
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Astraldi et al., 1995) has favoured the penetration of warm-water Atlantic species,
including the ornate wrasse (Thalassoma pavo), which, from 1985 onward, established
large and stable populations (Bianchi and Morri, 1994). Changes in the composition
of ichthyofauna have had a considerable impact on local fishing industries (Francour
et al., 1994). However, the increase in numbers of tropical Atlantic species found in
the northern Mediterranean may result from a combination of anthropogenic and
climate factors. Recent studies have identified a correlation between the NAO and the
variability of the northwestern Mediterranean zooplankton community (Molinero et
al., 2005).

Sabatés et al. (2006) analysed the temporal and spatial changes in abundance and
distribution of the warm-water species round sardinella (Sardinella aurita) in the
western Mediterranean over the last decades in relation to seawater temperature. In
the western Mediterranean basin (1950-2003), a significant positive relationship was
found between round sardinella landings and temperature anomalies. Along a
latitudinal gradient off the Mediterranean Iberian coast (1989-2004), a gradual
increase in species abundance was observed from south to north, with a certain
northward time-lag, associated with the increase in seawater temperature. The
abundance of round sardinella in the two warmest and southernmost areas was
positively and significantly correlated with SSTs registered during the start of gonad
maturation the previous year. In addition, the positive relationship established
between water temperature and abundance of round sardinella in the coldest and
northernmost study area demonstrates that there is a temperature limit for the
distribution of this species in the western Mediterranean.

Tsikliras (2008) also commented on the expanding distribution of round sardinella
throughout the Mediterranean. For many years, its distribution in the Aegean Sea
was confined to the southern part because of its preference for warmer waters.
Recently, the geographic distribution of round sardinella, as reflected in purse-seine
catches, has gradually expanded northwards. This northward expansion is directly
related to the sea warming observed in the northern Aegean Sea. In addition to this
distribution extension, the population of round sardinella in the northern Aegean Sea
exhibited a 30-fold increase since the early 1990s and demonstrated a positive
correlation with SST. Distributional changes and population explosions may have
detrimental ecological effects on the community and ecosystem, but they may also
affect the local fishery economics by altering the composition and amounts of catches.

Most information dealing with climate-change impacts in the central part of the
Mediterranean are associated with the Adriatic Sea. During the past 30 years, warm-
water species of ichthyofauna have increased in the Adriatic Sea (Dul¢i¢ and Grbec,
2000), and there are also some examples of the disappearance or increasing scarcity of
species. Fish and zooplankton species that were previously rare are becoming more
abundant, whereas artificially introduced species are also being recorded (Dulci¢ and
Grbec, 2000; Kamburska and Fonda-Umani, 2006). These observations are related to
increasing temperatures and salinity variations, which intensified in the Adriatic Sea
after 1988 (Russo et al., 2002).

The opening of the Suez Canal in 1869 allowed the entry of Indo-Pacific and Red Sea
biota into the eastern Mediterranean, where these so-called “Lessepsian migrants”
now dominate the community structure (50-90% of fish biomass). For many decades,
this migration was very limited, partly because of the extremely high salinity within
the Suez Canal, where dry salt valleys had existed previously; however, the process
has accelerated in recent years, associated with a warming trend of the seawater and
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a significant drop in the canal’s salinity to “normal” marine levels (Mavruk and
Avsar, 2007). Record numbers of newly discovered, non-native species have been
observed, leading to the creation of what has come to be called a “human-assisted”
Erythrean (Red Sea) biotic province in the eastern Mediterranean (Goren and Galil,
2005). The list of exotic animals and plants that have invaded the Mediterranean, and
particularly the eastern Mediterranean, continues to grow. Not only are more species
coming through the Suez Canal, but also, with warmer seawater temperatures, it is
becoming easier for exotic species to spread and establish viable populations.

Species movements in relation to global warming may increase the spatial overlap
between exotic and endemic species, which is a critical issue for the conservation of
biodiversity. Recent records of Lessepsian fish species in the Sicily Channel and the
southern Tyrrhenian Sea (Castriota and Andaloro, 2005) demonstrate that these alien
species are spreading throughout the Mediterranean. The alien Erythrean goldband
goatfish (Upeneus moluccensis) was first recorded in the Levant in the 1930s, and has
since established populations from Rhodes to Libya. By the late 1940s, it made up 10—
15% of the total mullet catches off the Israeli coast (Wirszubski, 1953). Following the
exceptionally warm winter of 1954-1955, its percentage increased to 83 % of the catch,
replacing the native red mullet (Mullus barbatus) in commercial fisheries (Perlmutter,
1956).

Ben Rais Lasram and Mouillot (2009) attempted to quantify (i) the increasing invasion
of southern exotic species (either arriving from the Red Sea or Atlantic Ocean), and
(ii) the spatial overlap between exotic and endemic Mediterranean fish fauna that are
coming under increasing pressure as a result of global warming. The rate of
Lessepsian fish introduction during 2000-2006 was threefold higher than during the
preceding decade, representing the highest value since the opening of the Suez Canal.
These observations are associated with the highest seawater temperatures recorded
in the Mediterranean since 1810, when records began.

After the 1980s, some exotic fish reached the coldest areas of the Mediterranean Sea,
e.g. the Adriatic Sea, which is a major hot spot of endemism. The number of exotic
species in the Mediterranean is now 98.4% larger than it was 20 years ago; the
number of invasive species has risen from 64 in the 1980s to 127 in 2006. The authors
predict that the risk of future invasion by fish from the Red Sea is potentially very
high, and that the magnitude of the phenomenon may accelerate with sea surface
warming (+3.1°C for the surface and +1.5°C for the deeper layers before 2100,
following Somot et al., 2006). The prediction of such phenomena and the
identification of fish species from the Red Sea that are more likely to invade the
Mediterranean are critical areas for further research.

Changes have also been reported in the reproductive distribution of Black Sea
anchovy, as may be inferred from the long-term distribution of the early life stages. In
contrast to earlier studies, numbers of eggs and larvae in the southeastern Black Sea
in recent years are higher than in the northwestern region (Niermann et al., 1994;
Kideys et al, 1999), which was formerly the main spawning area (Ivanov and
Beverton, 1985). Recent studies confirm that the main spawning areas have become
established along the Turkish coast in the southern Black Sea (Kideys et al., 1999).
Niermann et al. (1994) and Kideys et al. (1999) suggested notably increased
eutrophication in the northern part of the sea, possibly associated with recent climate
change, as a possible cause. The reporting of the change corresponded to a great
reduction in anchovy biomass resulting from overfishing and expansion of an alien
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ctenophore (Mnemiopsis leidyi), which might also have influenced the shift in
spawning locations (Daskalov, 2002).

Perspectives

As we have demonstrated, a wide range of species has demonstrated distribution
changes in each of the larger areas of the Northeast Atlantic. Whereas some of these
changes can be related at least partly to fishing impacts, there is a broad body of
evidence that climatic fluctuations are playing an important role. During warmer
periods, “southern” species have tended to become more prominent and “northern”
species less abundant, and vice versa, but there appear to be important differences
between various regions. For example, in the Celtic—Biscay Shelf, there appears to be
an asymmetric response to climate variations: southern species have tended to
become more abundant in warmer periods, but the opposite appears not to be
necessarily true for colder periods (corroborated by herring not returning to the
region during the relatively cold 1960s to 1970s).

Much of the available evidence is circumstantial or correlative in nature. Very little is
understood about the physiological processes and precise mechanisms that link
climate change and fish distribution patterns. This is particularly true for non-
commercially important fish species. Most of our conclusions regarding the response
of fish and fisheries to climate change are assembled from fragmentary information
from surveys and commercial landings. However, recent studies, using data-storage
tags, genetics, and analyses of otolith microstructure and chemistry, have begun to
unravel the behavioural and physiological processes that dictate the distribution and
production of fish species in the Northeast Atlantic. These types of study seem to
offer the most promising way of diagnosing the reactions of fish to changing climate
conditions in sufficient detail for us to predict responses in future. Areas where data
are lacking include:

e “real” information about the connectivity between spawning grounds, the
distribution of larval fish (their survival and feeding), nursery grounds,
and climate change;

e information about migration routes and timing;

o predictive studies that attempt to estimate changes in fish distributions,
interactions between fish species, and the ecological role of incoming
species;

e information on how changes in the behaviour of commercially important
fish species might affect the catchability of fishing fleets.
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Anchovy

Pierre Petitgas

Introduction

This section reviews knowledge of the European anchovy (Engraulis encrasicolus,
order Clupeiformes, family Engraulidae), with particular reference to the population
in the Bay of Biscay. Life-history traits, life-cycle organization, fisheries, and patterns
of change, together with their link to climate, are also reviewed. Potential climate-
change effects on the anchovy in Biscay are suggested, together with the appropriate
individual-based modelling tools for predicting future responses of the exploited
population.

General biology

The European anchovy, which is the only representative of the Engraulidae family in
the Northeast Atlantic and Mediterranean, is generally regarded as a species with
subtropical affinity. In Europe, populations of anchovy are present in the
Mediterranean and Black seas, and in the Atlantic around the Iberian Peninsula, the
Bay of Biscay, the English Channel, and the Irish, North, and Baltic seas. The species
tolerates a wide range of temperature (6-29°C) and salinity (4-41 psu), as
demonstrated by its wide distribution, but spawning is generally restricted to warm
summer months (Ré, 1996).
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Figure 11.1 Schematic localization of current anchovy populations in ICES Areas VIII and IXa.
Red =main populations with developed fisheries; blue =residual populations with sporadic
fisheries (ICES, 2004c).

Fage (1911) documented the general traits of the European anchovy. Populations in
different localities demonstrate different morphometric and meristic characteristics.
Anchovy abundance is high in many areas, but also exhibits large fluctuations, both
seasonally and interannually. Many anchovy populations demonstrate a coastal
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fraction associated with river plumes, with part of the life cycle being marine.
Anchovy appear at the surface in warm months (coinciding with the spawning
period) and are absent from surface waters at other times, when they probably
migrate to greater depths on the shelf. In this review, we focus on the Bay of Biscay
anchovy population (ICES Subarea VIII, Figure 11.1), which has supported valuable
fisheries. Since the end of the 1990s, anchovy have again been reported in the North
Sea after a long absence (Beare et al., 2004; Alheit et al., 2007). This recent expansion in
the North Sea will be discussed and contrasted to the situation in the Bay of Biscay.

11.2.1 Life history

The anchovy is a short-lived species (five years maximum), with high rates of natural
mortality and high fecundity. In the exploited population of the Bay of Biscay,
anchovy aged >3 years are rare. Egg development is rapid, eggs hatch within 3-5 d.
The size of the larvae at first feeding is 3-5mm and the larval growth rate is 0.4-
1.1mmd ! (Garcia and Palomera, 1996). The size at metamorphosis is ca. 40 mm and
the larval duration period varies within 30-60 d (La Mesa et al., 2009, and references
therein). Most of the growth takes place during the first months of the juvenile stage,
before the first winter. Anchovy are fully mature and reproduce at age 1 during their
first spring. The annual natural mortality rate of ages 1-3 is high and variable,
ranging from 0.7 to 2.0 (Uriarte et al., 1996). The ICES Working Group on the
Assessment of Mackerel, Horse Mackerel, Sardine and Anchovy uses an average
value of 1.2 (ICES, 2007i). Annual fishing mortality, as estimated by ICES, ranges
from 0.4 to 1 (Uriarte et al., 1996). Annual total mortality estimated by cohort analysis
using abundance-at-age in the French acoustic surveys was 1.6 in the period 2000-
2005 (unpubl.).

Juvenile growth rates are rapid, with most of the growth taking place during the first
months after metamorphosis. The value of the von Bertalanffy parameter K ranges
from 1.0 to 1.4 (unpubl.; see Section 11.2.5). For sustainable populations to have a
total mortality value of 1.6, the von Bertalanffy parameter K would have to be ca. 1.4,
according to the model of Chen and Watanabe (1989), which relates rates of mortality
to growth.

Larval survival is on the order of 10-5 (Allain et al., 2007). Reported daily egg
mortality in May ranges from 0.11 to 0.30 and depends on temperature (Somarakis et
al., 2004). Juvenile mortality rate is unknown, but can be predicted as a decreasing
function of age by using a Pareto function (Lo et al., 1995), and egg, larval, and adult
mortality values.

The average total number of eggs spawned during the season ranges from 110 000 to
350 000 eggs female-! (Motos, 1996), depending on the weight of the female.

Recruitment (estimated by ICES as abundance at age 1 by 1 January) demonstrated
no relationship with adult stock size in the period 1987-2005 and ranged from 50 000
to 130 000 t (Figure 11.2). For this short-lived species, variation in stock size reflects
variation in recruitment and growth.
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Figure 11.2. ICES recruitment series for European anchovy in ICES Areas Villa, b, and c: tonnes of
age-1 fish on 1 January (ICES, 2007i).

11.2.2 Life cycle, habitats, and migrations

In ICES Division VIlIc along the Spanish north coast, the abundance of anchovy has
progressively declined from west to east (Junquera, 1984) since the 1970s. We will,
therefore, only describe features of the life cycle of the population inhabiting Area
Villa, b, and c, east of 5°W (Figure 11.3). The ICES Study Group on Regional Scale
Ecology of Small Pelagic fish (ICES, 2004c) documented the anchovy life cycle in that
area and its relationship with oceanographic features. Recent juvenile acoustic
surveys in autumn (since 2003) provided additional information on juvenile habitats
and behaviour as well as life-cycle closure (e.g. Petitgas et al,, 2004; Annex 10 in ICES,
2007m). Spawning takes place predominantly in the southeastern corner of the Bay of
Biscay (south of 46°30N) in spring (April-July), where the population aggregates.
Spawning habitats have been documented and mapped using egg and acoustic
survey data. The anchovy spawning (May-June) spatial distribution is length-
dependent; smaller fish are more coastal and larger fish more offshore (Petitgas ez al.,
2003). Major spawning grounds of smaller fish are associated with river plumes
(Gironde and Adour), whereas those of larger fish are distributed on the outer shelf
and shelf break (Motos et al, 1996). The fish form small schools near the bottom
during the day and disperse during the night, when they come to the surface layers
(0-20 m) for spawning and/or feeding. Differences have been reported between
anchovy school types in coastal and offshore habitats (Massé, 1996).

After spawning (July-November), adult fish disperse north and potentially also west.
Small fish are expected to be more stationary, utilizing their coastal nursery habitats.
The northward migration has been documented by analysis of the fishing activity of
French trawlers that exploit the anchovy (Uriarte et al, 1996). The northern feeding
grounds are located off southern Brittany (48°-46°30'N) on the inner part of the shelf
(20-120 m depth). During the day, most fish schools are close to the bottom, similar
to the spring schools (Petitgas, 2005). Winter distribution is less well documented.
Fage (1911) reports the anchovy as a demersal fish that is caught by bottom trawlers.
In early spring, anchovy aggregate in their spawning habitats in the southeastern part
of the Bay of Biscay.
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Figure 11.3. Schematic drawing of the life-cycle organization of the current anchovy population in
ICES Area Villa, b, and c. Left: spring spawning grounds (red) and autumn feeding grounds
(green); summer migration (purple arrows) and early winter migration (black arrows); wintering
grounds are supposed to be at similar locations as the spring spawning grounds. Right: spring
spawning grounds (red) and area containing autumn juvenile habitats (blue); summer larval drift
(red arrows) and early winter juvenile arrival to the coast (blue arrows); winter juvenile habitats
are coastal. (Redrawn from ICES, 2004c.)

From the major spawning grounds on the French shelf, the larvae drift and disperse
predominantly southwestwards, offshore in the central part of the Bay of Biscay and
towards the Spanish coast (Allain et al, 2007). The larval drift depends on the
seasonality of the flowfield, which depends on the seasonality of the winds and river
discharges. When peak spawning occurs in May-June, the drift is southwestwards,
but earlier spawning results in a more northward drift (Huret et al.,, In press).

After the larval drift, 4-8 cm juveniles are found predominantly in small schools in
the surface layers (0-20 m) during the day and at night in the southern part of the
Bay (Petitgas et al, 2004). Afterwards, juveniles progressively colonize coastal
habitats and recruit to the adult stock (October-December). The area off the Gironde
estuary is a major nursery ground. It is striking that coastal colonization is seen on
the French coast, but not on the Spanish coast, where most of larval drift ends. The
area off the Gironde estuaiy (Figure 11.3) corresponds to the major nursery ground in
autumn and winter and to the major spawning ground in spring. This area has been
demonstrated to be an essential fish habitat for the long-term population viability
(Vaz and Petitgas, 2002). It has been suggested that the area be closed to fishing for
conservation purposes (STECF, 2005a).

11.2.3 Trophic position

The anchovy plays a critical role in the transfer of energy from lower trophic levels
(zooplankton) to higher trophic levels (fish) and is, hence, a typical "wasp-waist"
species (Cuiy et ah, 2000). Uriarte et al. (1996) report that, in the Bay of Biscay, the
anchovy is strongly preyed on, in particular by hake, tuna, mackerel, and shad
during different stages of its life cycle. The anchovy is reported to be a strict rneso-
zooplankton feeder during the adult stage (active feeding mainly on copepods and
crustacean larvae; Plounevez and Champalbert, 1999). Anchovy larvae have been
reported to feed on microzooplankton (Garcia and Palomera, 1996), with early larvae
feeding on organisms in the size range of 50-100 pm.

11.2.4 Ecophysiology

Spawning is timed to the seasonal warming and occurs above a temperature
threshold close to 14°C (Motos, 1996). Sea surface temperature (SST) and water
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column stratification are major predictors of egg presence (Planque et al., 2007). Egg
and larval-stage duration is temperature dependent, and relationships have been
modelled using power functions (Lo, 1985; Regner, 1996).

The energy density (k] g') of adult and juvenile anchovy has been estimated from
field samples (Tirelli et al., 2006; Dubreuil and Petitgas, 2009). The energy density
varies seasonally, being highest at the end of the feeding season (autumn) and lowest
in late winter. In winter, anchovy lose weight, which is partly replaced by water, and,
hence, the energy content decreases. Using a bioenergetics model, Pecquerie (2007)
found, by simulations, that adverse winter conditions could decrease the subsequent
total realized fecundity.

Anchovy continue to feed during the spawning season (Plounevez and Champalbert,
1999), a feature typical of fish with indeterminate fecundity. The energy required for
spawning is available from two sources: (i) energy reserves are accrued during the
previous year’s feeding season and allocated to gonadal (reproductive) tissues; and
(ii) energy obtained from feeding during the current spawning can be used to
prolong the reproductive season. Hunter and Leong (1981) estimated that two-thirds
of the total energy content in the spawned eggs came from the previous feeding
season and one-third from food intake during that spawning season. It may therefore
be assumed that the start of the spawning season is temperature-dependent, whereas
the end of the spawning season depends on plankton production (food intake),
resulting in a spawning window that varies with environmental conditions.

11.2.5 Growth

The growth of anchovy in the Bay of Biscay is rapid, and most of it takes place before
the first winter. Juvenile fish are located above the thermocline in the upper layer by
day and by night in summer and autumn (Petitgas et al., 2004), thus benefiting from
the high temperatures (>20°C). This situation inevitably affects growth and may
explain the fast growth during the first months of life.

The average length-at-age in the spring acoustic surveys for the period 1987-2006 is
12.7 cm (age 1), 16.9 cm (age 2), and 18.2 cm (age 3; unpublished data reported to
ICES annually). Von Bertalanffy growth curves, estimated from adult anchovy data
only (Cendrero et al., 1981), resulted in underestimation of the parameter K and a
correlative overestimation of the parameter L-. Data from recent surveys of juveniles
in the Bay of Biscay was used to revise the growth-curve parameters, suggesting that
Kis on the order of 1-1.4 and L~ the order of 17-19 cm. As the estimation of K and L~
is correlated and as length-at-age and annual mortality in the data are variable, it is
difficult to ascertain whether or not total mortality in recent years could be sustained
by growth (the stock collapsed in 2005). A striking characteristic of the growth curve
is the large variability in length-at-age and the subsequent large overlap in size
between ages. This may be explained by the long spawning season and individual
fish histories.

From otolith analysis, total growth during age 1 has been demonstrated to be
inversely related to total growth at age 0 (Petitgas and Grellier, 2003). A fish close to
its L- at the end of its first winter (end of age 0) will therefore grow little in its
subsequent year (its first year of spawning) and may have a longer spawning period
than a smaller fish of the same cohort. Growth is related to mortality in different
ways and at different stages of the life cycle. For the larval stage, Allain ef al. (2003)
demonstrated that faster-growing larvae survived to juveniles. For the adult stage,
Petitgas and Grellier (2003) observed that small-at-age anchovy selectively survived
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into the next year. This may be the result of fishing practices targeting large
individuals.

11.2.6 Maturation, spawning, and fecundity

Motos (1996) reviewed the reproductive biology of anchovy in the Bay of Biscay. The
anchovy has an indeterminate fecundity: oocytes continuously differentiate in the
ovary during the spawning season. The anchovy is sexually mature at age 1, during
its first spring. Spawning takes place from mid-April to mid-August, with a peak in
May—June. In the Bay of Cadiz, Millan (1999) reported that smaller anchovy start
spawning later and end spawning earlier than the larger fish. In the Bay of Biscay,
Motos (1996) also documented an earlier start of spawning for larger fish. Spawning
occurs at night in the surface layers (0—20 m), where early-stage eggs can be found.
Goarant et al. (2007) demonstrated that egg buoyancy is regulated at spawning to
match local sea surface hydrological conditions, thus ensuring that early
ichthyoplankton stages are maintained above the thermocline. The anchovy is a batch
spawner. The spawning rate (inverse of daily spawning fraction estimated from
gonad histology) ranges from 0.2% to 0.25% of females. Each female therefore
produces a batch of eggs every 4-5 nights, resulting in an average of 20 batches
female! during the spawning season (2—4 months). The spawning rate is not affected
by fish size. Batch fecundity is linearly related to gonad-free wet weight. Batch
fecundity and spawning fraction are nearly constant over years (Somarakis et al.,
2004). Therefore, variation in total realized fecundity will depend on fish growth and
spawning duration, which, in turn, vary according to environmental history over
several months (temperature and food intake during the spawning season and
during the previous feeding season, and winter conditions).

Fisheries

The fishery has been documented by Uriarte et al. (1996), and annual updates (e.g.
ICES, 20071) can be found in the reports of the ICES working groups (Working Group
on the Assessment of Horse Mackerel, Sardine and Anchovy (WGHMSA), Working
Group on Anchovy (WGANC), Working Group on Anchovy and Sardine
(WGANSA)). The main fisheries are located on the spawning grounds south of
46°30N and east of 5°W in spring (April-June), and on the feeding grounds between
48°N and 46°30'N in autumn (September—November). Two fleets exploit the
anchovy: purse-seiners that operate on surface fish aggregations and pelagic
pairtrawlers that can operate at any depth on any type of fish aggregation. The
population abundance index is better correlated with the catches of the pairtrawlers
than with those of the purse-seiners (Villamor et al., 2007), probably because of a
difference in catchability between the two fishing techniques.
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Figure 11.4. Long-term series of the landings by country for European anchovy in ICES Area
Villa, b, and ¢ (Villamor et al, 2007).

The Spanish fleet consists only of purse-seiners, whereas French vessels comprise
pairtrawlers as well as purse-seiners. Pair trawling developed in the mid-1980s, and
the majority of the French catch has been taken by this technique since 1990. Since
1992, fishing activity is managed in space and time following an agreement between
Spain and France: fishing is restricted to Spanish purse-seiners during March-June,
after which fishing is also opened to the French fleet. The Spanish catches are
therefore predominantly made in spring on the southern spawning grounds, and the
French catches in autumn on the northern feeding grounds. The annual catch of each
country has been approximately 150001 since 1990 and prior to the collapse in 2005
(Figure 11.4).

Length in the catches ranges from 10 to 19 air, representing all age classes from 1 to
3+. A fraction of the large age-0 fish (>10 cm) may also be caught prior to its first
spawning in autumn and early spring. The average demography in the survey data is
approximately 75% at age 1 and 20% at age 2, with the balance at age 3+. The fisheiy
is therefore mainly exploiting the recruitment.

The Spanish purse-seiners also exploit small anchovy (6-10 an), including age-0 fish,
in summer and autumn (July-October) for live bait in the tuna fishery. The live-bait
fisheiy operates in the Gironde area and in all of the southern part of the Bay, when
age-0 aggregations are accessible in the surface layers. The live-bait fishery is not
regulated and its impact on stock dynamics is not explicitly documented. Live-bait
catches have not been reported to ICES since 1999. The catch is expected to be on the
order of 2 1wk vessel-1.

Recruitment (age-1 abundance at 1 January estimated by ICES) demonstrates no
relationship with the parental stock size (ICES, 2007i). The ICES recruitment series
has been tentatively correlated with a number of indices characterizing the
environment in spring and summer. Borja et al. (1998) proposed a correlation model,
with an upwelling index based on winds in spring, in which upwelling favoured
recruitment. Allain et al. (2001) proposed a correlation model with two explanatory
variables derived from hydrodynamic model outputs: a spring upwelling index,
which also had a positive effect, and a water-column summer stratification
breakdown index, which had a detrimental effect on recruitment. Since spring-
sumrner 2002, these correlative models have lost their capability to predict
recruitment in the subsequent year.
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Changes in production and distribution

Junquera (1984) documented changes in the distribution and catches of the fishery
during the 1970s, and ICES (2004c) reported changes that occurred during the 1980s
and 1990s. During the 1960s and 1970s, the fishery was productive and mainly
distributed in ICES Divisions VIlIc and VIIIb in the southern part of the Bay of Biscay
and along the Spanish coast (Figure 11.1). At the end of the 1970s, this southern
fishery collapsed. There was a progressive geographic reduction in the fishing area
from west to east in both spring and autumn catches. The fishery west of 5°W in
Division VlIIc is now sporadic and has not recovered. During the mid-1980s, pair
trawling developed, and by the beginning of the 1990s, a stabilized pair trawling
fishery had been operating, mainly as an autumn fishery on the northern feeding
grounds in ICES Divisions VIIla, which had not been exploited before. During the
1970s, the fishery was located in Divisions VIIIb and c. Since the 1990s, it shifted to
Divisions VIlla and b. Anchovy were known to be present in Division VlIlla in the
1970s, but were not exploited (J. Massé, pers. comm.). Fage (1911) reported that
anchovy were abundant seasonally in that area, but that fishers exploited sardine
rather than anchovy. In spring 2005, the VIIla and b fishery collapsed, and
recruitment has stayed low since. In the 2000s, prior to the collapse, the weight-at-age
in the catches increased slightly over the mid-1990s (Figure 11.5).

Using survey data, Bellier et al. (2007) compared the spring egg-distribution pattern
in the early 1970s (Arbault and Lacroix, 1971) with that in the 2000s. Slight differences
were observed: spawning in the recent period was less coastal and slightly more to
the north.

The application of the Bay of Biscay potential spawning model of Planque et al. (2007)
to the hydrological parameters of the North Sea revealed that, since the end of the
1990s, spawning windows had potentially opened for anchovy in the North Sea as a
consequence of higher summer temperatures (ICES, 2007k). This prediction has been
ground-truthed, because anchovy eggs and larvae have been found on the German
Bight in 2004 at a location similar to that in historical records of 1953 (Alheit et al.,
2007). Beare et al. (2004) demonstrated an increase in the occurrence of anchovy in the
North Sea International Bottom Trawl Survey series at the end of the 1990s. The
length structure in the dataseries supports the hypothesis that the increase in
abundance of anchovy in the North Sea is the result of high recruitment from local
relict coastal populations (ICES, 2007i).

Processes underlying observed changes

11.5.1 Growth

Most growth takes place at age 0, before the first winter, and no historical reference
exists for that life stage. The age-0 growth depends on summer SSTs, and these have
increased in Biscay (Koutsikopoulos et al., 1998). Variation in growth will affect the
spatial distribution, because larger fish occur more offshore, as well as the realized
total fecundity, because batch fecundity is related to length. Adverse winter
conditions (low food, low temperature) are also potentially a source of concern,
because they may increase juvenile mortality and also affect total realized fecundity.
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Figure 11.5. Time-series of the mean weight-at-age in the catches of European anchovy in ICES
Area Villa, b, and ¢ (ICES, 2007i).

11.5.2 Recruitment

No obvious change in the environment could explain the fisheiy collapses during the
late 1970s and in 2005. Junquera (1988) found no convincing evidence for a regional
environmental signal explaining recruitment failure in the 1970s in Division VIllc.
Likewise, in recent years, no obvious change in the environment has been found to
explain the low recruitment levels since 2003 (ICES, 2007i). In the absence of an
environmental cause, biological explanations have been suggested: a top-down
control with increased predation on the larvae (Irigoien et al,, 2007), and/or a change
in the aggregation pattern of adults during spawning (ICES, 2007m). Change in the
spawning-time window, as a result of a change in growth or energy content, could
also be added to the list of working hypotheses. The larval-dispersal kernel was
demonstrated to depend on spawning location and date (Huret et ah In press).
Therefore, a change in the spawning window, resulting from a change in growth,
could affect recruitment. Crucial questions to be answered include: prior to the
collapse, was there a detrimental interaction between climate, population status, and
fishing (e.g. hot summer, cold winter, heavy fishing), and is the repeat recruitment
failure the result of direct environmental forcing or trophic interactions?

11.5.3 Mortality

There is no evidence for change in adult natural mortality in recent years and since
the fisheiy closure. Larval and juvenile mortalities are not monitored and can only be
estimated by the use of models (e.g. Allain et ah, 2007; Pecquerie, 2007). Progress in
the development of larval-drift and survival models, as well as bioenergetic models,
is essential if we are to increase our insight into these early life stages, which are
crucial to assessing the anchovy population status.

Conclusion on climate effects

In the North Sea, temperature can be assumed to have been a limiting factor for
anchovy spawning. In recent years, this factor would no longer have been limiting,
and new spawning windows would have been opened, resulting in increased
recruitment. Physical conditions in the German Bight (low salinity, high temperature,
and high productivity of phyto- and Zooplankton) appear appropriate to adult
spawning and survival of early life stages. In contrast, the situation in the Bay of

Biscay seems more complex.
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Climate change can potentially affect anchovy at different stages of its life cycle, in
particular, the larval-dispersal kernel, age-0 growth, and the spawning windows in
space and time. However, long-term and recent changes observed in the Bay of
Biscay anchovy population cannot be directly related to climate change. Therefore,
the situation is thought to be one of complex interactions between fishing effects,
trophic effects, and climate effects.

The Bay of Biscay is a mosaic of physical features, each with a potential impact on the
anchovy life cycle (Koutsikopoulos and Le Cann, 1996). The impact of one factor is,
therefore, not expected to override the others. Planque et al. (2003a) documented
variability rather than change and argued that the Bay of Biscay oceanographic
regime was complex because, being situated between the North Atlantic and
subtropical meteorological systems, it takes influences from both. Borja et al. (2008)
argued that the meteorological condition over the Bay of Biscay was related to the
eastern Atlantic pattern and not to the North Atlantic Oscillation. In particular, the
eastern Atlantic pattern relates to northeasterly winds that produce upwelling in
Biscay. However, interannual variability is high. Changes in the environment in the
Bay of Biscay have been reported: increased surface temperature (Koutsikopoulos et
al.,, 1998), increased surface and bottom temperature and picnocline depth, and
fluctuations in river discharges (Woillez et al., 2009).

The suggested approach is to construct a list of potential impacts at different stages
during the life cycle and to identify which of these is active under which conditions.
In terms of the development of working hypotheses, two topics are worth
considering: (i) the establishment of long-term series of fish biological parameters
(e.g. using catches) and of the environment, e.g. using realistic hydrodynamic and
nutrient —phytoplankton—zooplankton—detritus (NPZD) model re-analyses; and (ii)
the use of larvae individual-based models (IBMs) and bioenergetics fish models
should allow an investigation of the complex interactions that cannot be done using
simple correlative (statistical) methods. For instance, Struski et al. (2009) found that
the area of unsuitable winter habitats had decreased as a consequence of the increase
in temperature. Huret ef al. (2009) tested the impact on the larval-dispersal kernels of
climate-change scenarios and concluded that an increase in temperature decreased
larval duration and, thus, dispersion around spawning grounds, but that a change in
spawning location and time resulted in importance changes in larval dispersal.

The response of fish populations to climate requires the integration of different
responses at different life stages. Furthermore, the response is expected to depend on
population status and, in particular, the size structure and habitats occupied. It may
also be necessary to add trophic interactions to this complexity. Fishing may change a
population response to climate by modifying abundance, demography, length-at-age,
and patterns of spatial distribution. Therefore, in order to investigate climate impacts
on the anchovy, an analysis of the interactions between different scenarios of climate
and population status (sizes and habitat occupation) is needed. The use of IBMs
seems appropriate in order to formulate interactions and integrate them in space and
time. These interactions would use the links between growth and reproduction and
temperature and lower trophic levels. Detrimental as well as favourable scenarios
could then be documented.
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Herring

Mark Dickey-Collas, Georg H. Engelhard, and Christian Méllmann

Introduction

This section investigates what is known about herring (Clupea harengus; order
Clupeiformes, family Clupeidae) in relation to climate change. Most of the work is
drawn from our understanding of herring in three systems: the North Sea, Baltic Sea,
and Norwegian/Barents seas. The section concludes with what is and is not known
about the productivity of herring in relation to climate.

General biology

The Atlantic herring is a species of great commercial importance. It is a pelagic,
ocean- and coastal-dwelling species, covering a depth range of 0-200 m (Geffen,
2009). Atlantic herring are found across the North Atlantic. In recent years, the
herring fisheiy has been among the world's five largest fisheries by biomass (FAO
statistics). The herring is considered a temperate fish species that inhabits the western
and eastern Atlantic and the Baltic Sea, and has Boreal biogeographic affinities (Ellis
et ah, this volume, Section 2). The Baltic herring is considered a separate subspecies
(Clupea harengus membras) and is somewhat smaller and shorter lived. A closely
related species, the Pacific herring (Clupea pallasi), inhabits the North Pacific (Haegeie
and Schweigert, 1985; Flay et ah, 2001).

In the fully marine environment, there is little genetic differentiation between the
main Northeast Atlantic herring populations. However, once salinity starts to fall
below 30, genetic differentiation becomes more pronounced (Ruzzante et ah, 2006;
Reiss et ah, 2009), resulting in fairly ambiguous stock integrity in many areas (King,
1985; Hatfield et ah, 2007). Norwegian spring-spawning herring and North Sea
herring are the biggest stocks within the ICES Area (Holst et ah, 2004; ICES, 2007e).
Like other pelagic fish, extensive migrations are a characteristic feature of the
herring's life strategy (Blaxter, 1985). Large migrations between spawning and
feeding areas often occur, and clear overwintering areas exist for some stocks (Blaxter
and Hunter, 1982; Holst et ah, 2002).

The high phenotypic plasticity of herring (Jennings and Beverton, 1991; Dickey-Collas
et ah, 2009a) means that the environment has a fairly strong influence on most
biological characteristics (Cushing, 1967). It also results in many stock components
(Keli et ah, 2009). This substock structure is typified by the components of the North
Sea herring, i.e. Orkney, Buchan, Banks, and Downs (Heincke, 1898; Redeke and van
Breemen, 1907; Cushing, 1955; Zijlstra, 1958; Baxter and Haii, 1960; Bridger, 1961).
These herring interact with each other and are influenced in different ways by the
environment (Wallace, 1924; Anthony and Fogarty, 1985; Hulrne, 1995; Schmidt ez ah,
2009). In the Baltic Sea, there are a number of spring-spawning substocks that
experience different environments in terms of hydrography and ecosystem structure
(Parmanne et ah, 1994). Autumn-spawners have been historically important in the
Baltic Sea, but are now absent, for reasons that are unclear (Parmanne et ah, 1994). In
Norwegian spring-spawning herring, no clear evidence of substocks exists other than
a north-south gradient in morphometries, growth, and maturation (de Barros and
Holst, 1995; Husebo et ah, 2007), on top of interannual and long-term variability in
both these traits (Engelhard and Heino, 2004a) and a north-south gradient in
genetics (Shaw et ah, 1999).
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It has become clear that the life strategy or “spawner type” (e.g. autumn, winter,
spring, or summer) is an expression of a cline across populations, not a discrete class.
Spawning type may be fixed for an individual fish, but the designation is
characteristic more of growth and association with other fish of the same type than of
the actual spawning time (McQuinn, 1997; Corten, 2002; Engelhard et al., 2003;
Melvin et al., 2009), and physiologically, there are very few differences between types
(van Damme et al., 2009). The interaction of growth, learned behaviour, and
population size leads to a range of between- and within-population structures.

There are also strong density-dependent effects in the population characteristics
(Cushing and Bridger, 1966; Hubold, 1978; Winters and Wheeler, 1987; Toresen, 1990;
Engelhard and Heino, 2004b; Melvin and Stephenson, 2007). The lifespan of herring is
between 17 and 20 years (38—40 cmlength), although, as most species are heavily
fished, they rarely live this long. Herring in the Baltic are generally smaller, with
similar pronounced differences between stock components (Parmanne et al., 1994;
Cardinale and Arrhenius, 2000).

Atlantic herring spawn demersal eggs that stick to the substratum or to each other
(Blaxter and Hunter, 1982; McPherson ¢t al., 2003). In the North Sea, herring spawn in
gravel beds that are generally 20-40 m in depth (Cushing and Burd, 1957; Parrish et
al., 1959); in other areas, seaweed or other substrata may also be used. In thicker egg
mats, mortality attributable to oxygen deficiency can be high (Parrish et al., 1959). In
the Baltic Sea, eutrophication has been demonstrated to cause egg mortality as a
result of oxygen deficiency and changes in the spawning substratum (Aneer, 1985).

The main feeding time of herring is spring (i.e. April-June; Hardy, 1924; Savage,
1937). Feeding intensity reduces during the build-up to spawning, and little feeding
occurs during winter (Hardy, 1924). Herring with different spawning times exhibit
different energy strategies; so, the ecological impact may vary with spawning time,
for example, in autumn-spawning and spring-spawning herring (Iles, 1984; Winters
and Wheeler, 1996; Slotte, 1999; van Damme et al., 2009).

The prey of herring varies according to location (Savage, 1937), season (Hardy, 1924),
and year (Last, 1989). Larvae feed on copepod nauplii and microzooplankton (Bowers
and Williamson, 1951; Checkley, 1982), juveniles move onto Pseudocalanus,
Paracalanus, and Temora copepodites and small meroplankton, and adults feed on
Calanus, Temora, Oikopleura, Schizopoda, amphipods, mysids, and young fish, such as
juvenile sandeel (Ammodytes spp.; Hardy, 1924; Savage, 1937; de Silva, 1973a; Last,
1989; Dalpadado et al., 2000; Mollmann et al., 2004). In the North Sea, fish eggs are
present in the diet of herring in the very early spring (when the feeding rate is low:
Daan et al., 1985; Segers et al., 2007) and in June (Savage, 1937), whereas in the Baltic,
they are also found in summer (Koster and Mollmann, 2000b). It is clear that the
distribution of feeding schools is correlated with plankton abundance; herring
schools are rarely found near diatom blooms (Savage and Wimpenny, 1936), whereas
feeding is invariably associated with zooplankton abundance (Maravelias and Reid,
1997; Maravelias, 2001; Neottestad et al., 2007). Variability in the spatial structure of
these schools tends to be at a scale of 6.5-20 nautical miles (Maravelias ef al., 1996),
ignoring the unresolved small-scale variability. In the North Sea, the distribution of
feeding herring demonstrates very strong affinity with the annual southern incursion
of Calanus and Limacina (Bainbridge and Forsyth, 1972), which is influenced by the
Atlantic inflow. In years when the Calanus peak is farther north, herring catches are
also farther north (Corten, 2001a). The ratio between zooplankton production in the
Buchan area off northeast Scotland and in the northeastern North Sea is also thought



ICES Cooperative Research Report No. 301

12.3

to influence where herring feed (Bainbridge and Forsyth, 1972), because years with
poor zooplankton production in the Buchan area were also years when herring
moved farther north (as determined by catches). Herring feeding schools are often
associated with feeding mackerel (Scomber scombrus; Holst et al., 2004).
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Figure 12.1. Landings of Norwegian spring-spawning and North Sea autumn-spawning herring
from the beginning of the 20th century to 2008.

Herring fisheries and climate

Atlantic herring support one of the biggest fisheries in the world. Approximately
2million t are fished every year (FAO statistics). Currently, the two largest fisheries
are on Norwegian spring-spawning and North Sea autumn-spawning herring (Figure
12.1). Most stocks maintain a fishery. Herring is mainly exploited in fisheries directed
at human consumption and by a variety of fleets, ranging from fixed gears, purse-
seiners, and pelagic trawlers (often using refrigerated seawater (RSW)), to freezer-
trawlers (see Borges et al., 2008). Herring is traded fresh, pickled, frozen, smoked, and
canned. Sizable industrial fisheries also take herring as a bycatch in the Northeast
Atlantic. Herring are often caught together with mackerel and sprat (Sprattus
sprattus).

Herring are very sensitive to overfishing, and collapses of stocks have occurred
across the Atlantic (Figure 12.2), e.g. North Sea herring (Nichols, 2001; Simmonds,
2007; Nash et al., 2009; Dickey-Collas et al., 2010), Norwegian spring-spawning
herring (Dragesund and Ulltang, 1978; Toresen and Jakobsson, 2002), and Icelandic
summer-spawning herring (Jakobsson and Stefansson, 1999).
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Figure 12.2. Population dynamics of Norwegian spring-spawning herring, North Sea autumn-
spawning herring, and Baltic herring. (From ICES Fisheries Statistics.)

Observed changes in productivity

Herring stocks are well known to exhibit substantial fluctuations in productivity
(Toresen, 2001), and herring fisheries have always been highly variable in terms of
catch (Mitchell, 1864). In the 18th century, this variability led to the naive idea that all
herring were part of one "megastock" that would migrate to the Arctic in winter,
with a variable portion of the megastock returning each year to the North Sea
(Heincke, 1898; Sinclair, 2009). This idea was disproved by several pioneering studies
in fisheiy science, notably early research on annual growth layers in herring scales by
Hjort (1914) and Lea (1911), which first demonstrated the marked interannual
variability of herring year-class strength as an important driver of population

fluctuations.

The variability in catches has allowed productivity to be compared with climate
variability (Toresen and Ostvedt, 2000; Poulsen et al, 2007), and there are several
well-known examples of changeable local productivity in herring stocks. In the
western English Channel, the so-called "Russell Cycle", which comprises alternating
periods of high abundance of herring and sardine (Sardina pilchardus), has had
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profound effects on the local fisheries (Southward et al., 1988, 2005; Alheit and Hagen,
1997). In the North Sea, the Bohuslan herring periods were historical periods, lasting
several decades, in which autumn-spawning herring catches in the easternmost
Skagerrak could be extremely high (notably off the Bohuslan province of Sweden);
these productive periods alternated with periods of near-absence of herring in the
same locations (Corten, 1999a). There seems to be a very clear link between herring
productivity and temperature, and this has been described by many studies (e.g.
Toresen, 2001; Axenrot and Hansson, 2003; Cardinale et al., 2004; Brunel and Boucher,
2007; Groger et al., 2010). Growth of the central Baltic herring stock has demonstrated
a pronounced variability during recent decades, which has been confirmed to be the
result of climate-induced changes in the zooplankton community and competition
with sprat (Mollmann et al., 2005; Casini et al., 2006). Recruitment of Baltic herring
stocks is substock-specific, with the gulf herring stocks demonstrating a generally
positive response to increased temperatures, but with recruitment of central Baltic
herring suffering from reduced food supply and, consequently, bad condition
(Cardinale et al., 2009).

The variability in recruitment and growth often differs between stocks, e.g. year-class
strength in the North Sea is less variable than in the Baltic (Cushing, 1996; Myers,
2001). The recruitment patterns from subcomponents of stocks are also different
(Bjerkan, 1917; Cushing, 1992; Oeberst et al., 2009). It is widely accepted that the
recruit-to-stock relationship is domed for herring, and that productivity per spawner
is impaired at high spawning biomasses (Anthony and Fogarty, 1985; Zheng, 1996;
Fox, 2001). However, overall stock size or area size may influence this density-
dependent effect (Winters and Wheeler, 1987; Corten, 2002). The effect of collapse
and recovery may also affect the characteristics of production (Engelhard and Heino,
2004a; Melvin and Stephenson, 2007; Nash et al., 2009) because of density effects
(Burd, 1984). Recruitment overfishing is a common feature in herring, and it is
considered that this has often had as large an effect on productivity as the
environment (Hodgson, 1936; Cushing and Burd, 1957; ICES, 1965a; Burd, 1978, 1985;
Cushing, 1992; Nichols, 2001; Simmonds, 2007; Payne et al., 2009).

Observed changes in distribution

Corten (2001b) suggested that many of the fluctuations in the distribution of North
Sea herring are driven by stock increase, changes in zooplankton production, and
variability in the Atlantic inflow by the Fair Isle Current. The interaction of year-class
strength and environmental signals (combined with imprinting effects on
individuals, and hence lag effects on the population) may make the interpretation of
the influence of environment difficult (Corten, 2001b; Huse et al., 2010). There appears
to be a relationship between the changes between years in the distribution of
overwintering herring and the North Atlantic Oscillation (NAO) and the location of
the feeding grounds in relation to areas of high zooplankton abundance (Section
12.2). However, this is also complicated by a multidecadal effect, such as that seen in
Bohuslan periods (also called the open Skagerrak periods; Alheit and Hagen, 1996,
1997; Corten, 1999b; Figure 12.3).
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Figure 12.3. Frequency of southwesterly surface winds in England over the period 1340-1978 and
the numbered Bohuslin herring periods. (From Alheit and Hagen, 1997.) The question mark
denotes that the authors were uncertain whether or not another Bohuslin herring period was
about to begin.

An attempt to consider the spatial nature of North Sea herring dynamics was begun
relatively successfully by Heath et al (1997). Overall, the evidence suggests that
changes in the abundance of horse mackerel (Trachurus trachurus) and sandeel, as
well as of Calanus, Temora, and Pseudo/Paracalanus production (Beaugrand, 2003; Reid
et al., 2003) will affect herring production and distribution (Bainbridge and Forsyth,
1972), and vice versa in the North Sea. The increased abundance of herring, combined
with a reduction in Zooplankton, will increase the impact of herring on the egg
survival of plaice (Pleuronectes platessa) and cod (Gadus morhua; Daan et al., 1985; Ellis
and Nash, 1997; Segers et ah, 2007; Dickey-Collas et ah, 2010). Sprat and herring
appear to have a complex relationship with some sympatric signals (Torstensen and
Gjosater, 1995) and divergent signals in other areas (Corten, 2001b). There may also
be a link with the abundance of Norway pout (Trisopterus esmarkii; Huse et ah, 2008).

Norwegian spring-spawning herring have demonstrated particularly marked
changes in distribution over the past 50 years (reviewed by Dragesund et ah, 1997,
Holst et ah, 2002), and these may be linked to a combination of climate variability and
the (mainly fishery-induced) collapse of the stock in the late 1960s (Engelhard and
Heino, 2004a). The most pronounced of these distribution changes concerns the
extensive summer feeding migrations. Before the 1960s, when the stock was veiy
abundant, its feeding areas were in an extremely productive area in the central
Norwegian Sea, close to the Arctic Polar Front. However, when the stock began to
decline in the 1960s, progressively fewer fish visited this productive area in summer,
until it was completely abandoned around 1970 (Holst et ah, 2002). From the 1970s to
the mid-1980s, the remaining stock foraged only in a narrow area close to the
Norwegian coast. When the stock recovered, as a result of the recruitment of the veiy
strong 1983 year class, the herring resumed their historically extensive feeding

migrations, albeit shifted somewhat farther eastwards than the previous situation.

However, the overwintering and spawning areas have also differed over time. Until
the mid-1960s, virtually the entire stock is thought to have overwintered in a small
area off east Iceland, but by then, a strong, new year class established an entirely new
overwintering site north of the Lofoten Islands. Around 1970, the collapsed stock also
abandoned this area and established yet another overwintering site in Norway's
Vestfjord. This, and a few nearby fjords, remained the overwintering area for the
following three decades, even when the stock had fully recovered (Holst et ah, 2002;
Figure 12.4). Most recently, a new shift has occurred. The herring are now
overwintering in the Norwegian Sea north of Lofoten (Engelhard and Toresen, in
press). Over the years, many different spawning sites along the Norwegian coast
have been used at various periods, and one "core spawning site" off More (west
Norway) has been occupied at all times. However, the southernmost sites, where
larval survival appears to be greatest, have only been used in periods of high stock,
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when there were many large adult herring around (Johannessen er al., 1995; Slotte,
1999) that were capable of performing the extensive spawning migrations to these
most distant spawning sites (Slotte and Fiksen, 2000).

1950s 1965-1966

1969 1972-1986

I Feeding |  Overwintering H Spawning Nursery

Figure 12.4. Main migration patterns of adult Norwegian spring-spawning herring during the
1950s-1990s. The light blue line is the 2°C isotherm at 50 m depth. (Based on Vilhjalmsson, 1997.)

12.6 Processes underlying observed changes

Variability in productivity and distribution in herring appears to exhibit
multidecadal cycles, which may be associated with climatic cycles, such as the
Atlantic Multidecadal Oscillation (AMO; Knight et ah, 2006; Lehodey et ah, 2006;
Groger et ah, 2010). The mechanism by which temperature is associated with
recruitment is still unclear, and more study is required into the impact of temperature
on growth and recruitment (Brunei and Dickey-Collas, 2010).

Interestingly, in the Norwegian spring-spawning herring population, climate change
may have opposite effects on the juvenile and adult components of the stock (Heino
and Engelhard, 2006). In this stock, the juveniles and adults differ in their main
distribution areas: adults are distributed in the Norwegian Sea, while the most
important nursery areas for juveniles are in the Barents Sea (with much smaller
numbers of juveniles occurring in Norwegian coastal fjords). Toresen and Ostvedt
(2000) demonstrated that warmer climatic conditions (measured as the Kola
temperature in the Barents Sea) are positively related to year-class strength. Hence,
overall abundance of this stock is related to temperature. Food availability is a likely
mechanism: in the Barents Sea, Calanus abundance is thought to be positively related
to the Kola temperature, because warmer temperatures are associated with increased
influx of copepod-rich waters from the Atlantic (Aksnes and Blindheim, 1996). In
contrast, Engelhard and Heino (2005, 2006) suggested that warmer temperatures are
negatively linked to condition in the adult component of the stock, which may lead to
skipped spawning. Indeed, in the Norwegian Sea, there is an inverse relationship of
Calanus finmarchicus abundance with the NAO and sea surface temperatures
(Fromentin and Planque, 1996). In colder years, better feeding conditions for herring
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during summer are likely to improve survival and lead to higher participation in
reproduction during winter immediately after and with a delay of one year.

In the case of Norwegian spring-spawning herring, three mechanisms have been put
forward to explain the notable changes in distribution and migration patterns of this
stock over the years (e.g. Dragesund et al., 1997; Ferné et al., 1998; Holst et al., 2002;
Huse et al., 2002; Engelhard and Toresen, in press).

i)  Oceanographic shifts may affect the location of productive areas, causing
changes in feeding areas and, indirectly, in overwintering and spawning
areas. The position of the current feeding ranges, which are farther east
than the precollapse feeding range, may be explained by a shift in the
position of the Arctic Polar Front, which, in the 1950s, was farther west
than it is now.

ii) Herring migrations are often density-dependent, because individuals in a
population appear to follow the adopted-migrant hypothesis (McQuinn,
1997; adapted from the Sinclair and Iles (1989) member-vagrant
hypothesis). According to this, core areas of the stock are likely to be
visited during both high and low stock concentrations, whereas more
marginal areas will only be visited during high stock periods (Holst et al.,
2002). This interpretation is similar to the “numerical dominance”
hypothesis (Corten, 2002; Huse et al., 2002). This is confirmed by the
observation that each of the very strong year classes of 1959, 1983, and
1991 — which followed fairly long series of weak year classes — established
changes in migration patterns (Huse et al., 2002; Huse et al., 2010).

iii ) Migratory behaviour might be partly genetically determined; to some
extent, selective removal of fish exhibiting certain behavioural patterns
by the concentration of fisheries in specific areas may have affected the
migration patterns (Engelhard and Heino, 2004b).

Productivity changes in Baltic herring are thought to be a result of environmental
variability (MacKenzie et al., 2007), which is affected by climate change. Growth
changes occurred mainly as a result of changes in the zooplankton community
caused by changes in salinity (Mollmann et al.,, 2003a; Ronkkonen et al., 2004).
Additionally, competition with sprat (Koster et al., 2003b) has contributed to reduced
herring growth and condition (Mollmann et al., 2005; Casini et al., 2006). The effect of
climate on herring recruitment appears to be different between substocks (Cardinale
et al., 2009). Although, for the shallower gulf stocks, the direct effect of temperature
on physiology and the indirect effect on increased zooplankton production resulted
in increased recruitment success, the open-sea stock suffered from reduced food
supply and worsened condition (Cardinale et al., 2009).

In the North Sea and west of the British Isles, very little study and synthesis of the
processes that determine variability in production appear to have taken place. The
recent poor recruitment (from 2002 to the present day) has been attributed to changes
in the environment of the North Sea, linked to warming (ICES, 20060, 2007¢; Payne et
al., 2009; Dickey-Collas et al., 2010). Recruitment strength in North Sea herring is
determined just prior to metamorphosis of the larvae (Nash and Dickey-Collas, 2005),
but the environmental variability at hatching time on the northern spawning
components is different from that of the southern spawning components (Hjollo et al.,
2009; Petitgas et al., 2009). Time-series analysis suggests that changes in hydrography
and zooplankton community (described as a regime shift; Edwards et al., 2007), and
perhaps transport of larvae, occurred at the same time as the change in recruitment
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productivity (Dickey-Collas et al., 2009b). However, the processes involved have yet
to be identified, despite in-depth analysis of time-series of biological processes,
productivity, and environmental variability (T. Brunel, IMARES, unpublished data).

Herring and climate change

It is often stated that pelagic fish are the most likely fish in which to detect responses
to climate in the short term (Lehodey et al., 2006). From the evidence available, it
appears that the plasticity of herring makes them very responsive and perhaps
sensitive to environmental and, thus, climatic variability. Within their physiological
limits, herring are adaptive to their environment. The systems that have been well
studied (Norwegian and Baltic seas) highlight the importance of prey, competition,
and temperature on the productivity of herring. In systems that are less well studied
(North Sea, west of the British Isles), it is likely that these factors are equally
important to the productivity of herring. Therefore, if climate change affects these
factors (as it will), it is likely to affect herring productivity through a combination of
growth, recruitment, migrations, distribution, and competition for prey and
physiological habitat.

It is clear from this review that little synthesis of process understanding, relating
North Sea herring production to climate, has taken place. Therefore, if the impact of
climate change on the second most important herring fishery in Europe is to be fully
understood and accounted for within management, further work on understanding
the dynamics of the North Sea system, and the role of herring within it, needs to be
carried out.
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Sprat
Christian Méllmann and Myron A. Peck

Introduction

This section reviews knowledge of the sprat (Sprattus sprattus; order Clupeiformes,
family Clupeidae), with particular reference to the effects of factors influencing
productivity in the Baltic Sea and elsewhere. An overview of the general biology and
ecology of the species is provided to help understand the main climate-driven
processes acting to cause changes in this species' distribution and productivity within
European waters.

General biology

The European sprat is a small-bodied, pelagic, schooling, zooplanktivorous species
that occurs over a broad geographic range, from the Black and Mediterranean seas in
the south to the European Atlantic shelf, including the North and Baltic seas in the
north (Muus and Nielsen, 1999). Three subspecies have been defined (Whitehead,
1985): S. sprattus sprattus in the Northeast Atlantic and North Sea, S. sprattus balticus
in the Baltic Sea, and S. sprattus phalericus in the Mediterranean and Black seas.
Growth rates in sprat are notoriously variable within and between age groups, areas,
and years. Sprat are short-lived and rarely reach an age of >5 years (Bailey, 1980) or a
length of >16 an (Whitehead, 1985). The species is characterized by a tolerance of a
wide range of salinities and, because of this, is also abundant in estuarine habitats.

In the ecological context, S. sprattus is a key "wasp-waist" species (e.g. Cuiy et ah,

2000) and plays a major role in the ecosystem, both as an important food resource for
many top predators, such as piscivorous fish, marine birds, and mammals (Bagge et
ah, 1994; Sparholt, 1996), and as a significant predator on the Zooplankton community
(Arrhenius and Hansson, 1993; Rudstam et ah, 1994; M&llmann and Koster, 2002).
Sprat are zooplanktivorous in all exogenously feeding life stages and, as adults, feed
mainly on calanoid copepods (e.g. de Silva, 1973b; Arrhenius and Hansson, 1993;
Voss et ah, 2003; Mollmann et ah, 2004; Dickmann et ah, 2007). They can have an
important impact on their prey species, and this is especially apparent in the Baltic
Sea, where food competition with herring (Clupea harengus) has led to growth
changes in both species (Mdllmann et ah, 2005; Casini et ah, 2006). Furthermore, the
Baltic sprat has been demonstrated to limit the reauitment success of its predator, the
cod (Gadus morhua), by egg predation (Kdoster and Mollmann, 2000b) as well as
regulating its own stock size through egg cannibalism (Kdster and Mdllmann, 2000a).

The sprat is a classical R-selected species (e.g. short lifespan, early reproduction, low
biomass) and a multiple batch spawner, with females repeatedly releasing eggs
throughout the spawning season (up to 10 times in some areas; George, 1987). A
single female can produce between 100 and 400 eggs g body weight (Alheit et ah,
1987), equivalent to 1500-6000 eggs batch for a 2-year-old female weighing 15¢g
(Bailey, 1980), and spawn a total of 6000-14 000 eggs seasonl (Muus and Nielsen,
1999). Spawning occurs in both coastal and offshore waters (Whitehead, 1985), and
the timing of peak spawning, relative fecundity, and batch fecundity vary
significantly between years and regions (Alheit et ah, 1987). In northern European
waters (North and Baltic seas), peak spawning occurs between May and August,
depending on water temperature (Wahl and Alheit, 1988). In southern European
waters (e.g. Adriatic Sea), sprat generally spawn during winter months
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(November—April), at water temperatures of 9-14°C (Dulci¢, 1998). Adults are
generally mature at 2 years of age, though a small proportion of the population may
spawn as 1-year-olds (Bailey, 1980). In most regions, spawning generally takes place
at night (Alheit ef al., 1987) within surface waters. Waters colder than 5°C cause
significant mortality in sprat eggs (Nissling, 2004). Sprat eggs and larvae are pelagic
(Russell, 1976; Moksness and Torstensen, 1985).

In the North Sea, sprat eggs are distributed in waters with a salinity of 30—-33 psu,
whereas larvae are likely to occur over a similar or slightly higher range of salinities
(Moksness and Torstensen, 1985). The inner German Bight, the British coast from
Scotland to the English Channel, and the northwest coast of Jutland were identified
as three main spawning areas for sprat in the North Sea (Aurich, 1941). In the
German Bight, peak spawning is observed generally from May to August (Alheit et
al., 1987; Alshuth, 1988), and high egg and larval abundance has been found within
tidal fronts in this region (Valenzuela et al., 1991; Munk, 1991, 1993). Water circulation
in the North Sea transports eggs and foraging larvae from a large catchment area into
the German Bight (Bartsch and Knust, 1994a, 1994b), where enhanced larval growth
rates have been related to specific frontal areas, with peaks in chlorophyll and
secondary production (Munk, 1993). Other authors have reported similar larval
growth rates, but found little spatial variability (e.g. Valenzuela and Vargas, 2002).
Recent modelling studies suggest that vast areas of the German Bight support high
growth rates for young larvae (Kiihn ef al., 2008).

It is generally assumed that sprat in the North Sea undertake large seasonal
migrations. The location of traditional winter fisheries indicates migrations towards
inshore waters for overwintering along the British coast and in the central North Sea,
although older fish are likely to remain offshore (Bailey, 1980). In spring, sprat leave
the inshore areas and disperse into offshore spawning areas during summer, then
return, along with the incoming age-0 recruits, to overwintering areas in autumn
(ICES, 1990a). Although peak spawning is thought to occur in late spring and early
summer, sprat larvae produced in late summer or autumn may overwinter in the
larval phase and contribute to recruitment during the following year, but more work
is needed to clarify the stock structure and whether this autumn spawning
contributes substantially to the stock dynamics (ICES, 2006¢).

The sprat population in the Baltic Sea exists at the northern limit of the latitudinal
range of this species. Nevertheless, the sprat is highly successful in the Baltic Sea, and
abundance has increased dramatically since the mid-1990s. The Baltic sprat is known
to spawn over an extended period from March/April to July/August (Grimm and
Herra, 1984; Karasiova, 2002). Spawning takes place from the Kiel and Mecklenburg
bays in the west to the major basins (Arkona, Bornholm, and Gotland basins and the
Gdansk Deep) in the central and eastern Baltic (Grauman, 1974; Grauman and
Krenkel, 1986). During late spring/early summer, adult sprat migrate from basin
spawning grounds to coastal feeding grounds. In winter, sprat migrate into deeper
areas of the Baltic Sea and overwinter in relatively warmer water layers below the
halocline (Stepputtis, 2006). Sprat eggs are spawned in the surface layer, but thanks to
their specific gravity, they sink below the low-salinity surface waters down to
intermediate water depths 30-60 m below the thermocline (Wieland and Zuzarte,
1991). The temperature of intermediate water in the Bornholm Basin appears to
remain relatively constant over the spawning season, ranging from 4.7°C in April
and 5.2°C in June to 6.5°C in July. Sprat eggs incubated below 5°C were significantly
less viable (Nissling, 2004), which led to the hypothesis that early spawning after cold
winters could induce substantial egg and early larval mortality and, therefore, result
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in relatively weak year classes (Parmanne er al, 1994), whereas warmer years and a
warmer intermediate layer lead to higher recruitment success (Koster e al, 2003b).
After hatching and during or shortly after the yolk-sac stage, sprat larvae migrate
into the warmer, more productive surface waters (Voss et al., 2003; Dickmann et al,
2007), where larval drift is influenced primarily by wind-driven, surface currents
(Baumann ez al., 2006).

Fisheries

In the North Sea, increases in fishing pressure on sprat and a few successful year
classes helped fuel an increase in landings during the mid-1970s. Catches declined
subsequently and increased again in the mid-1980s, reaching a peak in 1994/1995
(ICES, 2007e¢). Within Mediterranean waters, the sprat ranks third in commercial
value behind the sardine (Sardina pilchardus) and the anchovy (Engraulis encrasicolus;
Dulcic, 1998; Ticina, 2000).

The most thorough stock assessment is for sprat in the Baltic Sea, covering ICES
Subdivisions 22-32 (ICES, 2007f). In the last two decades, abundance and annual
landings of Baltic sprat have increased dramatically, although they decreased by 13%
(in 2006) and 35% (in 2005) compared with peak landings (>500 0001) reported in
1997 (Figure 13.1).

In the Baltic, the main part of the sprat catch is taken primarily by pelagic single
trawls and pair trawling (using a 16 mm mesh in the codend). The sprat fishery is
year-round and, in most countries, the main fishing season is during the first half of
the year. The fisheiy consists mainly of two types of fleets: small cutters (17-24 m in
length, with an engine of up to 300 hp), and medium-size cutters (25-27 m in length,
with an engine of up to 570 hp). Occasionally, larger vessels (over 40 m in length,
with an engine of 1050 hp) are used; these have a high vertical trawl opening and
operate in areas deeper than 50 m. According to national regulation (e.g. in Russia),
these larger vessels are obliged to use sorting machines to separate herring from
sprat. In most countries, the annual sprat quota has never been fully utilized, in
contrast to the relatively low herring quota; this created a strong incentive to

misreport herring as sprat.

Figure 13.1. Trends in total landings of Baltic sprat in ICES Subdivisions 22-32 during 1974-2007.
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Observed changes in production

Although time-series analysis indicates that the North Sea spawning stock appears to
have more than doubled in size in the 1980s, the absolute stock size is unknown
(ICES, 2007¢). The spawning-stock biomass seems to have increased in recent years.
Since 1996, egg abundance has increased (von Westernhagen et al., 2002), and an
increase in the standing stock was observed in the 1990s (Dornheim and Wegner,
1998).

The abundance of Baltic sprat increased dramatically during recent decades, peaked
in 1997, and is now slightly lower (ICES, 2007f). The increase in stock size is mainly
the result of reduced predation pressure by the depleted cod stock and high
reproductive success (Koster et al., 2003b; Mollmann et al., 2008). In parallel with the
increase in stock size, there was a decrease in the growth and condition of individual
sprat (Mollmann et al., 2005; Casini et al., 2006).

Black Sea sprat stocks have increased since the 1950s, especially during the 1970s and
1980s (Daskalov, 2003), but collapsed during the 1990s (Daskalov et al., 2007).

Processes underlying observed changes

13.5.1 Productivity and recruitment

The major processes governing the production of the North Sea stock remain
unknown (ICES, 2007¢). Recent otolith analyses of sprat in the southern North Sea
suggest that substantial mixing of cohorts occurs during the first year of life
(Baumann et al, 2009). The results of biophysical, individual-based model
simulations suggest no evidence for climate-driven mismatch with prey during the
larval period in the southern North Sea (Daewel, 2008). However, production
(survival) of larvae is limited to this region and coastal areas of the UK; zooplankton
are not expected to be abundant enough to support larval survival during spring and
summer in the central and northern areas of the North Sea (Daewel et al., 2008b).

The increase in Baltic sprat is thought to result from a release in predation pressure
by the depleted cod stock as well as from climate-induced changes in recruitment
(Koster et al., 2003b; Mollmann et al., 2008). The climatic conditions during the 1990s,
with mainly high values of the North Atlantic Oscillation (NAO), resulted in above-
average water temperatures in the Baltic Sea (e.g. Matthdus and Nausch, 2003).
Warmer temperatures are directly favourable for egg and larval survival of Baltic
sprat (Nissling, 2004). Indirectly, warmer temperatures have resulted in an increasing
availability of the copepod Acartia spp. (Mollmann et al., 2003b), the major food of
Baltic sprat larvae (Voss et al., 2003; Dickmann et al., 2007). Additionally, climate-
related drift into favourable nursery grounds has been demonstrated to be important
for recruitment success (Baumann et al., 2006). The larger adult stock resulting from
reduced cod predation pressure and the prevailing warm-water temperatures during
the 1990s eventually resulted in a series of large sprat year classes, leading to the
observed stock increase (Koster et al., 2003b; MacKenzie and Koster, 2004; Mollmann
et al., 2008). At high stock sizes, Baltic sprat may suffer from density-dependent food
limitation, particularly during the post-larval/early juvenile period in warm coastal
waters (Baumann ef al., 2006).

The increase in the sprat stock is part of a major reorganization of the central Baltic
ecosystem during the early 1990s (Alheit et al.,, 2005; Mollmann et al., 2006). The
differing recruitment success of the two major fish species, in combination with the
high fishing pressure on cod and low predation pressure on sprat by cod, caused a
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regime shift from a cod- to a sprat-dominated system (Koster ez al, 2003b; M6llmann
et al., 2008). Clearly, the ecosystem of the central Baltic Sea changed from a state of
high productivity for the cod stock, characterized by high-salinity/-oxygen conditions
and relatively low temperatures, to a state of high productivity for the sprat stock,
characterized by low-salinity/-oxygen conditions and relatively high temperatures.
This demonstrates that the carrying capacity of the system for both species changes,
depending on the environmental state, and implies changing potentials for recovery
and changing long-term sustainable yield for both species.

Similar to the Baltic Sea stock, temporal trends in the Black Sea sprat population have
been influenced by climate-related temperature changes and overfishing. During the
1970s and 1980s, increased temperatures caused increased plankton productivity and,
hence, increased fish production (Daskalov, 1999, 2003). During the 1990s,
overfishing drastically reduced the sprat stock, contributing to a major reorganization
of that ecosystem and resulting in a trophic cascade (Daskalov et ah, 2007).

S3m Black Sea

0 2 4 6 8 10 12

Water Temperature (;C)

Figure 13.2. Water temperature at the time of spawning vs. sprat recruitment in the Baltic Sea
(blue squares) and Black Sea (red circles). A direct comparison of these two populations suggests
a temperature "optimum" for recruitment at spawning temperatures between 5 and 9°C. (Data
digitized from Figure 2 in MacKenzie and Kdster, 2004.)

Conclusion

In general, knowledge of the dynamics of sprat stocks within European waters is
rudimentary, with the exception of sprat in the Baltic Sea. The effect of climate
depends on geographic location; although warming has positive effects on
recruitment in the Baltic, too much warming might impair recruitment in southern
areas, such as the Black Sea (Figure 13.2). As for other stocks, direct and indirect
effects of fishing modify the response of the sprat stocks to climate. In the Baltic, the
overfishing of cod has released predation pressure on sprat and, hence, amplified the
climate-related increase caused by enhanced recruitment (Mdllmann et al, 2008). In
contrast, Black Sea sprat exploitation caused a stock collapse (Daskalov et ak, 2007). In
both ecosystems, however, sprat is a major ecosystem player, mediating climate and
fishing effects between trophic levels.
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Christine Réckmann and Mark Dickey-Collas

Introduction

This section reviews knowledge of the mackerel (Scomber scombrus; order
Perciformes, family Scombridae) in relation to the effects of climate change on the
distribution and the production of the stocks, and focuses on observed changes as

well as underlying mechanisms.

General biology

The mackerel is a species of commercial importance and also a game fish. A pelagic,
ocean- and coastal-dwelling species, it has a depth range of 0-1000 m. Occurring
between 25°N-70°N and 77°W-42°E, the mackerel is considered a temperate fish
species that inhabits the eastern Atlantic, southwestern Baltic Sea, M editerranean and
Black seas, and the western Atlantic from Labrador to Cape Lookout (North
Carolina). Mackerel are abundant in cold and temperate shelf areas, forming large
schools close to the surface. They overwinter in deeper waters, but move closer to
shore in spring, when water temperatures range between 11°C and 14°C (FishBase,
2007; Muus et al., 1997; Muus and Nielsen, 1999).

ICES currently uses the term "Northeast Atlantic mackerel" to define the mackerel
present in the area extending from ICES Division IXa in the south to Division Ila in
the north, including mackerel in the North Sea and Division Illa. Mackerel migrate
extensively between their winter feeding grounds and more southern spring and
summer spawning grounds. The spawning areas of mackerel are widespread, but
only the stock in the North Sea is sufficiently distinct to be clearly identified as a
separate spawning component. In order to keep track of the development of the
spawning biomass in the different spawning areas, the Northeast Atlantic mackerel
stock is divided by area into three components: the western spawning component,
the North Sea spawning component, and the southern spawning component (Table
14.1). In parts of the year, the three components have overlapping distributions, and a
part of the southern component is fished in the northern area.

Table 14.1. Northeast Atlantic mackerel: ICES stock divisions. (Source: ICES, 2007c.)
NORTHEAST ATLANTIC MACKEREL

Distributed and fished in ICES Subareas and Divisions lla, llla, IV, Vb, VI, VII, VIII, IXa
Spawning component Western Southern North Sea

Spawning areas VI, VII, Villa, b,d, e Vllic, IXa v, llla

The western component is defined as mackerel spawning in the western area (ICES
Divisions and Subareas VI, VII, Villa, b, d, and e). This component currently
comprises 81% of the entire Northeast Atlantic stock. Similarly, the southern
component is defined as mackerel spawning in the southern area (ICES Divisions
VilIc and IXa). Although the North Sea component has been at an extremely low
level since the early 1970s, ICES regards the North Sea component as still existing.
This component spawns in the North Sea and Skagerrak (ICES Subarea IV and
Division Illa). Current knowledge of the state of the spawning components is
summarized in ICES (2007c).
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Mackerel mature at around the end of age 3 and at a length of ca. 30 cm. Spawning
occurs from March to July. In the Mediterranean, mackerel spawn in March—April,
west of Ireland they spawn in May-June, and in the North Sea they spawn in
June—July. Peak spawning has been reported to occur in May off southwest Ireland.
The spawning migration path follows the shelf edge for most of its route, with the
fish being found generally between the 100- and 250-m contours (Walsh et al., 1995).
Mackerel are batch spawners. Close to the surface, females lay ca. 200 000-450 000
eggs, and larvae are 3—4 mm long at ca. 6 d post-hatch. Eggs and larvae are pelagic.

After spawning, the adults forage very actively in small shoals. Adults exhibit
diurnal feeding activity, and diets consist of zooplankton and small fish, such as
young cod (Gadus morhua), herring (Clupea harengus), sprat (Sprattus sprattus), and
sandeel (Ammodytes marinus). The most important feeding areas are located around
the Shetland Islands and in the northern North Sea. The diet of the juveniles in spring
consists of euphausiids, crustacean larvae, and other zooplankton. Euphausiids were
reported to form 90% of the spring diet in adults. In autumn, juveniles were reported
to eat hyperiids and gelatinous zooplankton, whereas adults targeted blue whiting
(Micromesistius poutassou; Olaso et al., 2005). During the long-distance feeding
migration, mackerel can form schools that are 200 m wide and extend to a depth of
100 m. School density can be ca. 9 fish m-2 (Walsh et al., 1995; Muus et al., 1997; Muus
and Nielsen, 1999).

Mackerel are preyed upon by the porbeagle shark (Lamna nasus), spiny dogfish
(Squalus acanthias), cod, bluefin tuna (Thunnus thynnus), swordfish (Xiphias gladius),
harbour porpoise (Phocoena phocoena), and harbour seal (Phoca vitulina). Parasites of
the species include the monogenean Kuhnia scombri on the gills, trematodes
(Podocotyle atomon and P. simplex), and nematodes (Anisakis simplex and
Haematractidium scombri; Scott and Scott, 1988).

Mackerel can attain a maximum size of 60 cm (Muus and Nielsen, 1999). The
maximum published weight of a mackerel is 3.4kg (Frimodt 1995), and the
maximum reported age is 17 years. Mackerel do not have a swimbladder and can
therefore quickly change depth without suffering from pressure differences.

Fisheries

The Northeast Atlantic mackerel stock currently supports one of the most valuable
European fisheries, with annual landings around 500 000 t. The internationally agreed
TACs have covered the total distribution area of the stock since 2001. They are split
into two groups: northern (ICES Subareas or Divisions Ila, Illa, b, and d, IV, Vb, VI,
VII, VIIIa, b, d, and e, XII, XIV) and southern (Vlllc, IXa). The western spawning
component contributes the vast majority of biomass and catch to the stock (Figure
14.1). Norway and the UK have taken the largest amount of the total international
catch for the past three decades, followed by Denmark and the Faroe Islands. The
North Sea mackerel component is considered to have been overfished since the late
1970s.
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Figure 14.1. Northeast Atlantic mackerel: trends in total landings (in t) by ICES fishing region,
1973-2005. North Sea=ICES Areas IV and Illa; Western =Areas VI, VII, and Villa, b, d, and e;
North =Areas I, II, and Vb; and South =Areas VIIIc and IXa. (Data from ICES Fisheries Statistics.)

Based on the most recent estimates of fishing mortality (F), which have been above
Fpa since the mid-1970s and above Fum for the past decade (cf. Figure 14.2), ICES
classifies the stock as being harvested unsustainably (ICES, 2007c, 20071i). Apart from
TACs, existing management measures include a minimum landing size of 30 cm in
Subarea IV, a closure for mackerel fishing in Divisions Illa and IVb and ¢, and a
temporary closure in Division IVa during the period 15 February-31 July.
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Figure 14.2. Northeast Atlantic mackerel: time-series of ICES working group estimates of fishing
mortality of mature Northeast Atlantic mackerel (averaged over ages 4-8). (Source: ICES, 2007i.)
Showing precautionary and limit reference points (rr. and riim) and the spread of the target r for
the management plan.

Northeast Atlantic mackerel is mainly exploited in a fishery directed at human
consumption, and is fished by a variety of fleets, ranging from open boats using
handlines along the Iberian coasts to large freezer-trawlers and refrigerated seawater
(RSW) vessels in the northern area. The fishery on spawning mackerel in the eastern
and central Cantabrian Sea in the first half of every year targets mackerel from the
northwestern area that are extending their southward spawning migration through
ICES Division VIlIc before returning north. The strong seasonality of the southern
fisheiy on adult mackerel is the result of the migration pattern of mackerel (Uriarte
and Lucio, 2001). During the second half of the year, those adults disappear from that
area. Mackerel is traded fresh, frozen, smoked, and canned.
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In the southern part of the distribution area, Atlantic mackerel can be caught together
with the related Spanish mackerel (Scomber japonicus). In recent years, catches of
Spanish mackerel have increased. The catch in 2005 was the highest since 1982.
Catches of both species are landed separately. ICES advice applies only to Atlantic
mackerel (ICES, 2007¢).

Observed changes in production

Owing to unknown levels of underreporting of the catch, spawning-stock biomass
(SSB) in recent years, relative to Bpa (the precautionary limit reference for biomass)
cannot be accurately estimated, but indications are that SSB has increased since 2003
and has been stable for the last three years at approximately Bpa (ICES, 2007c; Figure
14.3).

The stock has demonstrated much more variable recruitment in the years 2000-2003
than in the past. The 2000 and 2003 year classes are estimated to be poor, whereas
both the 2001 and the 2002 year classes are above average. The 2002 year class is
estimated to be the highest in the time-series. There is insufficient information to
confirm the size of the 2004, 2005, and 2006 year classes (Figure 14.4).
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Figure 14.3. Northeast Atlantic mackerel: time-series of ICES working group estimates of the
spawning-stock biomass, in 1000 t. (Source: ICES, 2007c.) Showing precautionary and limit
reference points (s ra and Bum) and the trigger biomass for the management plan.
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Figure 14.4. Northeast Atlantic mackerel: time-series of ICES working group estimates of
recruitment, in billions of recruits at age 0. (Source: ICES, 2007c.)

Variability in annual growth rates of Northeast Atlantic mackerel may be influenced
by environmental factors as well as by population and life-history factors. During
their migrations, adult mackerel are subject to highly variable environmental
conditions (e.g. upwelling), which influence their growth and reproductive potential
and may have a major effect on juvenile growth. Dawson (1986), Eltink (1987), and
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Villamor et al. (2004) hypothesized that growth differences between mackerel in
different areas are caused by gradual spatial and temporal changes in length-at-age
during migration. The largest fish of a certain age can migrate greater distances, reach
spawning areas earlier, and leave for feeding areas eatlier than smaller ones. This
would lead to successive changes in length- and weight-at-age and, thus, a variable
growth pattern along the geographic distribution range of the species.

Another cause of variability in mackerel growth rate may be the effect of population
density, which particularly affects growth of the youngest ages. Agnalt (1989)
estimated a negative correlation between the mean length at ages 1 and 2 and the
North Sea mackerel stock biomass in the 1970s. Similar findings were reported for the
Northwest Atlantic (Mackay, 1973; Overholtz, 1989; Neja, 1995). Moreover, Agnalt
(1989) reported that mean length- and weight-at-age of Atlantic mackerel in the
North Sea increased significantly between 1960 and 1979, but decreased markedly
during the 1980s. In contrast, median age-at-maturity decreased from 1960. Median
length-at-maturity remained stable until the 1980s, when it declined sharply.
Changes during the 1980s may have resulted from immigration of the western
mackerel stock.

One should be cautious when interpreting data on growth studies, as input data in
growth studies is often biased, especially for migratory species like mackerel.
Samples might be unrepresentative owing to missing elements, as the whole cohort
may not be present in the area where the samples are taken. Moreover, the
interpretation of growth depends on the season when samples are obtained (Castello
and Hamre, 1969).

Observed changes in distribution

Some surveys and fisheries for other species found changes in the distribution of
mackerel, with a decrease in abundance in the south and an increase in the north and
west, and in the Skagerrak and Kattegat (ICES, 2007¢). A shift in spawning area and
period has also been indicated. French acoustic surveys in Divisions VIlla and VIlIb
in May demonstrated a reduction in adult Northeast Atlantic mackerel within the
survey area in both 2006 and 2007 when compared with previous studies. This
suggests a northward shift in mackerel distribution in recent years (ICES, 2007i).
Furthermore, analysis of egg survey data suggests that mackerel appeared to be
spawning slightly earlier farther north and farther west of the shelf break over the
past 20 years (Bez et al., 1995; Reid, 2001). These changes may have implications for
the growth, pattern of transport, and survival of larvae and, thus, may affect both
stock dynamics and fisheries.

Changes in the Spanish fishery as well as survey results hint at changes in mackerel
distribution. The Spanish fishery in Divisions VIIIb and VIlIc has, since 2005, started
and ended earlier than in previous years. Surveys confirmed the indication of a
temporal shift of approximately one month in the migration pattern of mackerel in
the southern area, which might be linked to a more northerly distribution pattern
(ICES, 2007i).

Regarding the distribution and dispersal of the early life-history stages, we quote
results from the European Union project SEFOS (Shelf Edge Fisheries and
Oceanography Studies), in which mackerel was the most intensively examined
species (Reid, 2001). Mackerel eggs were found over a wide range of water
temperatures (8 -+18°C), but the majority were encountered in the range 10-15°C.
This corresponded well with the optimum temperature range for survival (>84%,
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9.4-15.1°C). The northward shift in the distribution of spawning closely followed the
northward shift of the area encompassed by the 11-14°C isotherms. A parallel
seasonal shift also took place in the vertical distribution of eggs as the vertical
temperature structure changed. Thus, at the beginning of the spawning season, when
the water column was mixed, eggs were found over a wide depth range (Coombs et
al., 2001). As stratification developed, the depth range of the eggs decreased. Once a
thermocline was present, the majority of eggs were confined to the layer in and above
the thermocline.

Mackerel eggs were most common in mixed Atlantic shelf water between salinities of
35.20 and 35.70 psu. Local spawning hot spots were not associated with local
variations in salinity, nor was the northward seasonal shift in spawning marked by a
similar shift in salinity. Salinity may therefore be considered less influential than
temperature on the distribution of spawning (Reid, 2001).

Extensive data on both egg and subsequent larval distributions were available from
the analysis of the triennial egg surveys (Fives et al., 1996). The value of these surveys
is that they are synoptic and cover the whole spawning season. Thus, the egg
distributions in one month can be related through the application of the individual-
based statistics to the movements of the larvae after spawning. One surprising
outcome of this study was that larvae appeared to become more aggregated as they
developed. This may have been the result of differential growth rates and survival,
with larvae in some areas failing to survive, whereas larvae in other more suitable
areas may have flourished. These analyses also indicated that the centre of gravity of
spawning demonstrated relatively little change during the season, and that the
transport of the larvae was generally, although not exclusively, polewards along the
shelf break. These analyses were somewhat compromised by the fact that the surveys
were designed to study only eggs, not larvae, and so survey coverage was not always
adequate to determine changes in distribution between developmental stages (Reid,
2001).

Processes underlying observed changes

It has been hypothesized that changes in Northeast Atlantic mackerel production are
related to stock size as well as to environmental conditions, the former possibly
affecting growth of the youngest fish and the latter possibly affecting the growth and
spawning potential of adults, as well as juvenile and larval growth. The shift in
distribution may be explained by a combination of variability in hy drographic factors
and indirect effects (such as plankton abundance), as well as life-history aspects. The
following factors have been explicitly suggested in the literature to interact with, and
to affect, changes in mackerel production and distribution:

e zooplankton
e abundance in spawning area
e abundance, availability, and suitability as larval food source
e ocean circulation patterns
¢ temperature
Direct links between climate change and changes in distribution and production
specifically of Northeast Atlantic mackerel have yet to be studied. However, some

indirect links with climate change, via one of the above-listed factors, have been
studied and, where available, the conclusions of those studies are presented below.
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14.6.1 Zooplankion

Distribution of plankton is driven by hydroclimatic, hydrological, and biophysical
factors. In the past decade, global air and sea temperatures have increased as a
consequence of global warming (Levitus ef al., 2000). Analyses of Continuous
Plankton Recorder data as well as of surface ichthyoplankton samples have
demonstrated that variations in plankton abundance can be linked to changes in
oceano-climatic conditions (Beaugrand et al., 2002; Edwards and Richardson, 2004;
Hays et al., 2005; d'Elbée et al., 2009). Beaugrand et al. (2002) demonstrated that mass
biogeographic movements in all copepod assemblages — the food of larval mackerel -
occurred over previous decades. These biogeographic shifts have been related to both
the increasing trend in northern hemisphere temperature and the North Atlantic
Oscillation (Beaugrand et al., 2002; Edwards et al., 2008). Moreover, it has also been
demonstrated that the marine pelagic community responds to climate change, and
that the level of response differs throughout the community and the seasonal cycle,
leading to a mismatch between trophic levels and functional groups (Edwards and
Richardson, 2004).

Zooplankion abundance in the spawning area

In his synthesis of SEFOS, Reid (2001) concludes with this quotation from Conway et
al., (1996): “most authors link fish distribution to hydrography via food (zooplankton)
availability in different waters”. The project revealed that mackerel peak spawning
(late May/early June) appeared to coincide closely with peak zooplankton abundance
in the spawning area (phytoplankton peaked generally in mid-May, +2 weeks). There
was also evidence of a strip of enhanced plankton abundance at the shelf edge in the
main spawning area in both May and June. Egg patches beyond the shelf break (in
northern Biscay) as well as egg numbers far west of the shelf edge (in the Porcupine
area) were matched by high plankton abundance. In most months and most areas
sampled, mackerel eggs were absent from areas of low plankton abundance.
However, there were also observations of egg production areas that did not coincide
with areas of high plankton concentrations and vice versa. Overall, the studies
indicate that there was a reasonably good association between spawning location and
plankton distribution, but suggest that this was not the only determinant of
spawning area (Bez ef al., 1995).

Zooplankion suitability as larval food source

Updating an earlier study by Runge et al. (1999) in the southern Gulf of St Lawrence,
Castonguay et al. (2008) provided the first field-based evidence linking availability of
actual plankton prey in the sea to early growth of larval mackerel and ultimately to
year-class strength. This demonstrates that Atlantic mackerel recruitment is strongly
dependent on production of the copepod nauplii species that contribute to the diet of
mackerel larvae. Castonguay et al. (2008) also emphasize the importance of focusing
on the actual zooplankton prey of larvae when trying to link recruitment variability
to fluctuations in ecosystem productivity and, thus, potentially to climate change.
The availability of nauplii of the copepods Calanus finmarchicus, Pseudocalanus spp.,
and Temora longicornis was approximated by the number of eggs spawned by females
(Ringuette et al., 2002; Castonguay et al., 2008).

The two theories above need further validation in other mackerel spawning regions
in order to test the generality of relationships between copepod production and
pelagic fish recruitment.
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14.6.2 Ocean circulation patterns

During SEFOS (Reid et al., 2001a), substantial changes in mackerel recruitment
success and juvenile distribution were analysed by comparing transport model runs
with real spawning distributions. The circulation patterns north and south of
Porcupine Bank, an area west of Ireland and in the centre of the mackerel spawning
area, were markedly different, particularly during the spawning season (Reid et al.,
2001a). The progressively more northern spawning of the mackerel, combined with
changes in circulation pattern, might have resulted in increasing numbers of larvae
being retained west of Ireland or being transported onto the shelf north of Ireland.
Additionally, eggs that had been spawned west of the shelf break in recent years
might, therefore, have failed to reach the shelf (Reid ef al., 2001a). Both observations
might have caused lower recruitment of mackerel in recent years (Walsh et al., 1995;
Skogen et al., 1996). However, the 2002 year class, which has now entered the fishery,
is the biggest one in the 36-year record, thus contradicting this hypothesis. There is no
evidence that particular scenarios of water temperature and salinity distribution have
a significant impact on mackerel recruitment success, but it is clear from the
modelling work that circulation patterns, in combination with variation in spawning
location, may have a significant impact on mackerel recruitment (Reid et al., 2001a).
Currently, it remains unknown how circulation patterns in the North Atlantic and the
North Sea will be affected by climate change.

14.6.3 Temperature

Clear links were reported between oceanographic parameters, in particular
temperature, and the prespawning migration of mackerel (Reid, 2001). Under normal
circumstances, mackerel began their migration toward their spawning grounds
southwest of Ireland when water temperature fell below ca. 9°C. Prior to migration,
the schools were relatively immobile, in contact with the seabed, and remaining
concentrated in the Viking Bank area. Once migration commenced, schools that
encountered areas of markedly warmer waters along the shelf edge west of Shetland
appeared to stop migrating and began to disperse (Walsh et al., 1995; Reid et al., 1997,
2001a).

This temperature preference would tend to result in the mackerel being associated
with a particular type of water. In this context, it was notable that the fish appeared
to be associated with the water of the slope/shelf edge current at all stages of their
annual migration. This might result in mackerel being found in a fairly restricted
range of salinities as well. Evidence for such a salinity preference was more equivocal
than that for temperature, and it seems likely that temperature is the main controlling
parameter (Reid, 2001). How specifically climate change will affect the temperature of
these water masses has yet to be studied.

The variation in abundance of mackerel in the North Sea has been related to
temperature and salinity anomalies and, in turn, to winds (Corten and van de Kamp,
1996). These authors argue that positive anomalies of winter temperature and salinity
in the North Sea are correlated with southerly winds over the Netherlands. They
suggest that increased southerly winds cause an increased inflow of Atlantic Water
through the Strait of Dover into the North Sea, increasing the transport of southern
fish species, such as mackerel, into the North Sea. The results of this study, however,
have not been statistically tested, but are based on visual comparisons of two periods
of positive anomalies (1974-1977 and 1988-1990).

In contrast to this study, Beare et al. (2004) found that mackerel, together with several
other species classified as having southern biogeographic affinities, has demonstrated
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sudden, almost exponential, increases in abundance since the mid-1990s. They argue
that the changes appear to be part of a systematic, long-term trend, contradicting the
conclusions of Corten and van de Kamp (1996). Beare et al. (2004) argue that the
increase in mackerel prevalence observed in the North Sea is the result not of an
overall expansion in stock size, but rather of changing patterns of migration caused
perhaps by environmental stimuli. Postuma (1972) was already suggesting a link
between environmental stimuli and mackerel abundance in the North Sea. He
demonstrates that mackerel recruitment to the North Sea started to decrease after
1958 (i.e. before the period of most intensive fishing) and thus was potentially
triggered by environmental change.

Hannesson (2007) carried out statistical analyses to detect potential correlations
between changes in catches of key fish species and changes in water temperature. He
found some indication that catches of mackerel in the Norwegian Sea increased with
rising temperature in that area, but the correlation was not statistically significant.
The sharp peak in the mackerel fishery in the North Sea in the late 1960s was brought
about by improved technology. There was, however, a significant and positive
correlation between temperature and catches of mackerel in the North Sea after the
stock recovered in the 1970s.

Conclusion

The mackerel is a species with a high level of natural variability in abundance. In
addition to this natural variability, changes in production and distribution have been
observed over the past four decades. As itemized in Section 14.6, three main
intermediate factors are proposed in the literature as potentially affecting mackerel
population dynamics: zooplankton abundance, ocean circulation patterns, and
temperature.

It is well known that global climate change affects zooplankton abundance and
distribution as well as ocean temperature and ocean circulation patterns. However,
how climate change will affect the Northeast Atlantic mackerel stock, specifically via
these intermediate factors, requires further study.
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Horse mackerel

Christine Rockmann and Mark Dickey-Collas

Introduction

This section reviews knowledge of the horse mackerel (Trachurus trachurus; order
Perciformes, family Carangidae) in relation to the effects of climate change on the
distribution and production of the stocks, focusing on observed changes as well as

the underlying mechanisms.

General biology

The horse mackerel is a species of commercial importance and also a game fish. Itis a
pelagic, ocean-dwelling, marine species, occupying a broad range of depth
(0-1050m). Occurring between 19°S-67°N and 26°W-41°E, the horse mackerel is
considered to be a subtropical fish species that inhabits the eastern Atlantic from
Iceland to Senegal, including the Mediterranean, Marmara, and Black seas (Smith-
Vaniz, 1986). Horse mackerel also inhabit the western Atlantic, Indian Ocean, and
western Pacific (Ly et al, 1996). Adults form large schools, mostly in coastal areas
with sandy substrata. They feed on fish, crustaceans, and cephalopods.

Horse mackerel can attain a maximum size of 70 cm (Smith-Vaniz, 1986) and a
maximum weight of ca. 2-3 kg (Ly et al, 1996). They mature at age 3-4, at a length of
ca. 25 an. Until the year 2000, the horse mackerel was assumed to be a determinate
spawner, but new fecundity studies in 2000 indicated that it might be an
indeterminate spawner (HOMSIR, 2001; ICES, 2001). Females are batch spawners and
lay around 140000 eggs, which hatch into larvae 5Smm long (Muus and Nielsen,
1999). Larvae eat plankton and often dwell directly beneath jellyfish.

According to results from egg surveys and the temporal and spatial distribution of
the fishery, ICES considers horse mackerel in the Northeast Atlantic area to be
separated into three stocks (management units) with distinct spawning locations
(ICES, 1990b; HOMSIR, 2001; Table 15.1): western, southern, and North Sea.

Table 15.1. Horse mackerel in the Northeast Atlantic: ICES stock divisions. (Source: ICES, 2007c.)
HORSE M ACKEREL W ESTERN SOUTHERN NORTH SEA

Managementareas lla, IVa.Vb, Via, Vila-c, e-k, Villa e IXa llla, IVb,c, Viid

Shelf attachment is a predominant distributional pattern of horse mackerel. The
western and southern stock components are closely connected to the shelf contour, as
demonstrated on a number of occasions (HOMSIR, 2001, and references therein).

Migration may be driven mainly by water temperature. In autumn, when the
temperature falls below ca. 10°C, horse mackerel retreat from the feeding areas in the
southern Norwegian Sea and the North Sea and migrate to overwintering areas
farther south. The main spawning period of horse mackerel is the second quarter of
the year (ICES, 2007i). The Western stock spawns in a belt from the Bay of Biscay to
Ireland in early spring and, after spawning, migrates north and east to south Norway
and the northern North Sea. The North Sea stock spawns in the southern North Sea in
summer and migrates to the central North Sea, Skagerrak, and Kattegat thereafter.
Little information exists on the southern stock. It may be linked to a larger stock in
the south.
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Fisheries

The commercial importance of horse mackerel has grown during the past decades.
During the 1990s, annual landings were ca. 500 0001, the majority of which originated
from the Western stock (Figure 15.1). The total international catch of horse mackerel
in 2006 from all areas in the Northeast Atlantic was 2152771, which is 196001 less
than in 2005. The three management areas do not properly reflect stock distribution,

which causes distortions in the exploitation rates.

Landings from the Netherlands, Ireland, Norway, Denmark, Portugal, Russia, UK,
France, and Germany usually make up more than 95% of the international landings.
Spanish and Portuguese vessels mainly target the southern horse mackerel stock
(ICES, 2006h).
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USSR Southern HM
600 - - - North Sea HM Western HM
500 TOTAL
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Figure 15.1. Total catches of horse mackerel (in 10001) in the Northeast Atlantic during the period
1965-2006. The catches taken by the USSR (later the Russian Federation) and catches taken from
the southern, western, and North Sea horse mackerel stocks are shown in relation to the total
catches in the Northeast Atlantic. (Source: ICES, 2007¢, 2007i.)

Western horse mackerel are taken in a variety of fisheries that exploit juvenile fish for
human consumption, mid-aged fish mostly for the Japanese market, and older fish,
either for human consumption (mostly for the African market) or for industrial
purposes (ICES, 2007c). In earlier years, most of the catches were used for meal and
oil, whereas in later years, most of the catches have been used for human
consumption (ICES, 2007i). Ireland, Denmark, the UK, France, Germany, and the
Netherlands have directed trawl fisheries and Norway has a directed purse-seine
fishery for horse mackerel. Spain and Portugal have both directed and mixed trawl
and purse-seine fisheries (ICES, 2007i). Horse mackerel are marketed and utilized
fresh, smoked, canned, and frozen; they can be fried, broiled, or baked (Frimodt,
1995).

Observed changes in production

The horse mackerel stock has increased substantially because of an extraordinary
year class in 1982 (Figure 15.2). Since the late 1980s, the stock has declined because
landings continued to increase, although no new strong year classes were observed to

recruit to the stock. The 1982 year class has dominated the catches of western horse
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mackerel in most western fishing areas since 1984, and in the North Sea since 1987
(Iversen et al.,, 2002; ICES, 2007i).

Owing to the lack of defined reference points and a full analytical assessment, the
state of the stock is unknown (ICES, 2007a, 2007b, 2007¢). For the Western stock (i.e.
the largest stock component), a relative assessment is carried out. The fishery-
independent data for this stock are extremely limited, with only one data point for
egg production every three years (ICES, 20071). Hence, the assessment, which is
described as "relative", does not reflect the absolute state of this stock component.

Relatively high catch rates of the 2001 year class in 2002-2006 and an increase in egg
production in 2007 suggest that the spawning-stock biomass (SSB) has increased in
recent years. The 2001 year class is stronger than those observed in recent years, but
not at the same magnitude as the 1982 year class (Figure 15.2).

The time-series of mean weight-at-age for western horse mackerel illustrates that the
weights of older fish have decreased over time. The weight for the older ages is based
on fish sampled from Dutch freezer-trawlers in the first and second quarters in ICES
Division VIlj. Mean weight-at-age groups in the stock and in the catches were lower
than usual in 2001, but returned to normal in 2002-2006.
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Figure 15.2. Western horse mackerel: SADVF model. Left: modelled SSB and modelled egg
production. Right: recruits at age 0 (including error bars (2 X s.d.)), scaled to capture more model
detail. (Source: ICES, 2007i.)

Observed changes in distribution

The spatial distributions of mackerel (Scomber scombrus) and horse mackerel have
always been considered to have substantial overlap. At least since the late 1980s,
western horse mackerel appear to have adopted similar migration patterns as
western and southern mackerel (ICES, 1990b, 1991, 1996; SEFOS, 1997). A large-scale
shift in the spatial distribution of Northeast Atlantic mackerel is assumed to have
taken place in 2005-2007, and this may have consequences for future abundance,
spawning, growth, and recruitment of western horse mackerel (ICES, 2007i).

After spawning, the fish migrate northwards in late July to the Norwegian and North
seas for feeding. It seems that horse mackerel have to be 5 years or older before they
migrate to the North Sea. Surveys in the Norwegian Sea have demonstrated that the
largest horse mackerel migrate the longest distance (Iversen ez al., 2002).

The European project SEFOS (Shelf Edge Fisheries and Oceanography Studies) put
particular emphasis on recent strong migrations of horse mackerel into the North Sea
(Reid, 2001). The main finding of these studies was the predominance of the
exceptionally strong 1982 year class. As this year class became more important, the
fish appeared to start undertaking much longer migrations into the North Sea,
whereas migrations were previously thought to have gone only as far as the north of
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Scotland. From 1986 onwards, the extent of the fishery in the northern North Sea has
also grown.

As no good recruitment has occurred since 1982, this has major implications for the
future of the North Sea fishery.

Processes underlying observed changes

Research over the last decade has demonstrated strong links between horse mackerel
migration into northern areas and water-mass transport patterns in the Northeast
Atlantic (ICES, 2007h). The following interacting processes have been proposed as
triggers of changes in production and distribution of horse mackerel in the Northeast
Atlantic:

i)  stock size (density-dependent processes) and migration;
ii) stock age structure and migration;

iii) climate and ocean processes (wind, Atlantic inflows, temperature)
indirectly affecting migration, distribution, and production via plankton
abundance.

15.6.1 Stock size, stock structure, and migration

The predominance of the exceptionally strong 1982 year class in the stock has
probably triggered an expansion of the feeding migration; it was postulated that this
had been a result of density-dependent effects (Reid, 2001; Reid et al., 2001b). This
expansion is also believed to have led to the growth of the fishery targeting horse
mackerel in the northern North Sea (Reid, 2001). The extent of migration might also
be related to fish age, as the SEFOS data appeared to indicate that older fish migrated
farther north than young fish.

15.6.2 Climate and ocean variables affecting biology

Studies within SEFOS investigated interactions between climate, ocean, and
biological variables. One of the clearest results was the relationship between the
transport of Atlantic Water into the North Sea in winter and catches of horse
mackerel in the northern North Sea six months later (Iversen et al., 2002). Modelled
Atlantic inflow during the winters from 1976 to 2000 was strongly correlated with the
Norwegian fleet’s catch of horse mackerel (r>=0.70) the following autumn. Iversen et
al. (2002) hypothesized that a large influx of this relatively warm and nutrient rich
Atlantic Water during winter may support early spawning of zooplankton and high
biological production during spring and summer. This might be the biological reason
for a large fraction of the horse mackerel stock migrating into the North Sea during
strong inflows. Furthermore, Borges et al. (1996) demonstrated that the more
northerly migration of the western horse mackerel (much farther north along the
shelf edge to the west of the British Isles and into the Norwegian Trench than
observed previously) coincided with the change in planktonic environment in the
North Sea after 1987 (Borges et al., 1996; Reid et al., 2003; Beaugrand, 2004).

Reid et al. (2001b) argued that the substantial increase in oceanic inflow in winter and
the concomitantly higher sea surface temperatures in spring and summer may have
been a response to observed changes in pressure distribution over the North Atlantic.
From 1988 onwards, the North Atlantic Oscillation (NAO) index increased to the
highest positive level observed this century. Positive NAO anomalies are associated
with stronger and more southerly tracks of the westerly winds and higher
temperatures in western Europe. These changing wind distributions may have led to
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an increase in the northward advection of water along the western edge of the
European shelf. Whether these increased currents can assist the migration of horse
mackerel remains questionable, although it has been put forward as a hypothesis
(Reid ef al., 2001b). Nonetheless, there is a clear link between increased Atlantic
inflow, increased food availability, and the recent migration of horse mackerel into
this area. Iversen et al. (2002) suggest that food production and temperature may be
the variables affecting the migration and, thereby, the catches.

The low catches prior to 1987 might be explained by low stock sizes rather than low
influx of Atlantic Water, as similar influxes in later years have given higher catches.
Also, prior to 1987, the stock size of fish older than 4 years (i.e. 5+) was probably at
such a low level that no extensive migration to increase the feeding area was required
(Iversen et al., 2002).

It remains to be seen whether or not the changes will continue once the very strong
1982 year class has disappeared from the population. Migration into the North Sea
coincided with both the advent of this age group and the increase in plankton
abundance. It has not yet been possible to determine whether one or both of these
factors was most important (Borges et al., 1996; Murta and Borges, 1996; Reid, 2001;
Reid et al., 2001b).

Conclusion

Horse mackerel dynamics and, in particular, migration appear to be driven by
climatic, oceanographic, and biological processes. Specifically, temperature, food
production (zooplankton), density-dependence (stock size), and stock age structure
have been proposed as possible prominent variables affecting the migration of horse
mackerel and, thereby, the catches.

Under climate change, the pressure distribution patterns over the North Atlantic (as
measured by the NAO index) may change, probably affecting oceanic transport and
circulation patterns. In turn, sea surface temperatures (S5Ts) will change, which
could lead to changes in primary production patterns. An hypothesized increase in
biological productivity in the North Sea might be stimulated by higher SSTs as a
result of stronger Atlantic inflows into the North Sea.

Apart from climatic triggers, density effects seem to influence the extent of horse
mackerel migration and distribution. A large horse mackerel stock seems to migrate
farther than a smaller stock. Additionally, it has been observed that older fish migrate
farther than younger ones. There has been a pronounced decrease in the weight of
older horse mackerel over the past three decades. Future studies could investigate if
this change in weight-at-age is related to climate change and if it will affect horse
mackerel population dynamics.
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Sandeels

Henrik Jensen and Asbjnrn Christensen

Introduction

This section reviews knowledge of sandeels (dmmodytes spp.; family Ammodytidae,
order Perciformes), with particular reference to the effects of climate change. It begins
with an overview of the general biology and ecology, which are relevant to
understanding the possible impact of climate change, and then reviews evidence for
changes in distribution and production in relation to climate.

General biology

16.2.1 Overall geographic distribution and abundance

Sandeels are small, semi-pelagic fish that have a worldwide distribution (Anon., 1960;
Smith and Heemstra, 1986) in both temperate and tropical waters (Jordan, 1907; Scott
and Scott, 1988), as well as in Arctic waters (see Jakupsstovu and Rottingen, 1975;
Petersen, 1977; Simonsen et ah, 2006).

The family Ammodytidae contains five genera of which three, Ammodytes,
Gymnammodytes, and Hyperoplus, are represented in the Northeast Atlantic (Jordan,
1907; Macer, 1966; Robins and Bohlke, 1970; M asuda et ah, 1984).

Species of Ammodytes occur in three geographic areas: 4. marinus and 4. tobianus in
the eastern Atlantic and European waters, 4. americanus, and A. dubius in the
Northwest Atlantic, and 4. hexapterus and A. personatus in the North Pacific. Detailed
accounts of the distribution of the Atlantic species have been written by Corbin and
Vati (1949) and Reay (1970).
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Figure 16.1. Total international landings of sandeels by region. (Data from FAO,
http://www.fao.com.)

Sandeels usually constitute a large proportion of the fish biomass in the regions
where they occur (e.g. Reay, 1970). However, knowledge of their population
dynamics exists for only a few areas, which represent a small part of the total
distribution range. Total international landings may give some indication of where
the highest production of sandeels occurs. There are two major sandeel fisheries: one
in the Northeast Atlantic and one in the Northwest Pacific (Figures 16.1 and 16.2).
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These two fisheries were at approximately the same level from 1955 to 1975. The
fishery in the Northeast Atlantic increased to a much higher level from 1975 to 2003,
when it collapsed. From 2003, when the fishery in the Northwest Pacific increased
markedly, the fisheries in the Northeast Atlantic and in the Northwest Pacific have

been at about the same level.
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Figure 16.2. Total international landings of sandeels by country. (Data from FAO, http:/

www.fao.com.)

The sandeel fishery in the Northwest Pacific is synonymous with the fishery in
Japanese waters (Inoue et ah, 1967; http://www.fao.com). The catches consist
primarily of 4. personatus, with a smaller component of 4. hexapterus (Hashimoto,
1984). Although the catches are primarily taken by Japan, the increase in landings
from 2003 is the result of Chinese landings (Figure 16.2), which are taken in other

waters.
The sandeel fishery in the Northeast Atlantic takes place almost exclusively in the

North Sea, in Division Illa (Kattegat/Skagerrak, Figure 16.3). Denmark and Norway
take by far the largest proportion of the landings (Figure 16.2).
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Figure 16.3. Total international landings of sandeels in the Northeast Atlantic (FAO Area 27) by
ICES area. (Data from ICES, http:/www.ICES.dk.)

There are five species of sandeel in the North Sea, of which A. marinus is by far the
most abundant (Macer, 1966; Popp-Madsen, 1994; ICES, 2004a). In the North Sea,
sandeels constituted an average 15% of the total biomass of fish in the period
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1977-1986, when only common dab (Limanda limanda) were more abundant
(Sparholt, 1990). This review focuses on the lesser sandeel (A. marinus) in the North
Sea (referred to as “sandeels” below).

16.2.2 Spawning

Spawning occurs in the North Sea between December and January (Macer, 1966;
Gauld and Hutcheon, 1990; Bergstad et al., 2001). Eggs are demersal and are spawned
at the demersal habitat of post-settled sandeels, where they remain until hatching
(Reay, 1970; Winslade, 1971).

16.2.3 The larval phase

Hatching occurs from February to May (Macer, 1965; Langham, 1971; Wright and
Bailey, 1996; Jensen, 2001; Stenevik and Osland, 2001). The hatching season is
relatively long compared with that of other fish species in the same region, a strategy
that is probably suitable for dealing with the high variability in environmental
conditions.

The duration of the larval phase (32-90 d; Jensen, 2001; Wright and Bailey, 1996), and
the locations of the spawning grounds (Proctor et al., 1998) lead to the rapid and
variable transport of newly hatched larvae away from the spawning grounds
(Berntsen et al., 1994; Proctor et al., 1998). This is confirmed by the size-stratified
distributions of early sandeel larvae (Henderson, 1954; Macer, 1965; Jensen, 2001;
Munk et al., 2001).

Observations on recently hatched A. marinus larvae (length 6-15mm in
February—March) in the central and southern North Sea suggest that most of these
small larvae are advected to and retained in shallow areas of frontal zones between
freshwater-influenced water masses and the shelf water of the central North Sea
(Munk et al., 2001).

When the larvae reach a length of 20-30 mm, they become good swimmers and
congregate in the feeding areas of adult sandeels. These areas coincide with frontal
areas (Jensen, 2001).

Vertical distribution of A. marinus larvae depends on both length and environmental
factors, with larger larvae demonstrating more extensive vertical migrations than
smaller larvae (Jensen et al., 2003). Larvae congregate in the water layers containing
the highest zooplankton abundance during the day. In areas without marked vertical
hydrographic gradients, larvae are relatively more abundant in surface waters during
the day. Larvae of all sizes are generally distributed more homogeneously in the
water column during the night than during the day.

Larvae of A. marinus metamorphose 32-90 d after hatching at a length of ca. 40 mm
(Wright and Bailey, 1996; Jensen, 2001). After metamorphosis in May/June, juvenile
fish exhibit the burying behaviour of adult sandeels. Juvenile A. marinus seem to
recruit directly to the habitat of adult sandeels (Wright et al., 2000; Jensen, 2001).

16.2.4 Sandeel burying behaviour

Post-settled sandeels bury into the sediment when they are not feeding in the water
column, ie. in winter, when feeding is energetically inefficient because sea
temperatures are low (Winslade, 1974c), when prey abundance is low (Winslade
1974b), and at night when low light intensity limits prey visibility (sandeels are visual
feeders; Winslade, 1974b).
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The overwintering period for 4. marinus starts in about September and ends around
March or April (Macer, 1966; Winslade, 1974a, 1974b, 1974c). age-0 and age-1 fish
usually have a longer feeding season than older sandeels (Reeves, 1994). Whereas
age-1 sandeels emerge from the sediment to feed earlier in spring than older
sandeels, the age-0 group may extend their feeding season until the end of
November.

Sandeel burying behaviour has frequently been observed in response to predators
foraging near the seabed (Girsa and Danilov, 1976; Pearson et al, 1984; Pinto et al,
1984) and can therefore be interpreted as anti-predator behaviour. Many predators
are, however, capable of capturing buried sandeels (Hobson, 1986).

16.2.5 Habitat and distribution pattern

The distribution of post-settled sandeels is highly patchy and primarily limited by the
availability of suitable substrata (Macer, 1966). Sandeels avoid sediments with a
weight fraction of fine particles (<0.09 mm) of >10% (Wright et al., 2000). A map of the
sandeel fishing grounds (Jensen and Rolev, 2004) can be used as a proxy for the
distribution of sandeel habitat (Figure 16.4). More than 200 individual sandeel fishing
grounds have been identified. The estimated area of the smallest ground was 0.2km?2
and that of the largest ground was 878 km2. The estimated total area of the sandeel
fishing grounds was 15831 km2 less than 3% of the North Sea area from 51°N to
62°N. Although the fishing grounds are believed to represent the major areas of
sandeel distribution in the North Sea, small patches of additional suitable habitat
exist (Bergstad er al, 2001). Also, the sandeel habitats in the Orkney-Shetland area
are not included in the map. Furthermore, a large but unknown number of non-
fished grounds are situated close to the coast, where A. tobianus tend to be more
abundant than A. marinus (Macer, 1966; Reay, 1970,1972).

Figure 16.4. Sandeel fishing grounds in the North Sea. (From Jensen and Rolev, 2004.)

Sandeels appear to tolerate a wide range of salinities. For example, larvae have been
found in salinities as low as 1.8-4.3 psu (Norcross et al., 1961), and A. dubius has been
found in a salinity as high as 36 psu (Richards ef al, 1963). Larvae also appear to be
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tolerant of a wide range of temperatures. Temperature is not an important factor in
sandeel larval distribution (Norcross et al., 1961). Monteleone and Peterson (1986)
found the water temperature during the larval season to be in a range of 0-10°C,
which is similar to the temperature range of 0-13°C recorded by Richards and
Kendall (1973).

16.2.6 Population structure

There is only limited movement of post-settled sandeels between habitat areas
(Kunzlik et al., 1986; Gauld, 1990). The demersal habitat of sandeels therefore
corresponds mainly to the spawning habitat. This stationary habit and the patchy
distribution of habitat imply that interchange of sandeels between spawning grounds
is restricted to the pelagic larval stage (Proctor et al., 1998; Wright et al., 2000).

Based on the distribution and simulated dispersal of larval stages, Wright ef al. (1998)
suggest that the North Sea stock could be split between six areas, including the
Shetland population. Assessments made for some of these areas (Pedersen et al., 1999;
Lewy et al., 2004) are less certain, but demonstrate approximately the same stock
trends as the one-area assessment of ICES (20061). The biological, more-realistic
approach taken in the spatially disaggregated analyses did not improve the precision
of the assessments, mainly because of a lack of spatially disaggregated biological data
(age/length/weight keys).

Recent studies indicate a low interchange of pre-settled sandeels between the
spawning grounds identified (Christensen et al.,, 2007, 2008), suggesting that the
population structure proposed by Wright et al. (1998) needs to be revised.

16.2.7 Feeding biology

The diet of sandeel larvae consists mainly of copepods. As the larvae increase in size,
their preference switches from copepod eggs and nauplii (at 8—12 mm) to nauplii and
copepodites (at 12-20mm) and then to larger copepodites and adult copepods
(larger larvae, post-larvae, and adult sandeel; Covill, 1959; Macer, 1966; Monteleone
and Peterson, 1986).

Ryland (1964) demonstrated that A. marinus larvae <8 mm fed mainly on copepod
nauplii, but that green material occurred in 40% of the guts analysed. In larvae
>8 mm, green material was almost absent, whereas the proportion of nauplii fell
substantially and that of appendicularians increased.

Macer (1966) investigated the dietary composition for juvenile and adult sandeels at
the beginning of the 1960s in the southwestern North Sea. The diet consisted mainly
of copepods, crustacean larvae, and annelids, with a tendency for larger fish to take
larger food items. Although sandeels <10 cm fed mainly on copepods (mostly Temora
followed by Calanus), for larger sandeels (>10cm), newly metamorphosed
polychaetes and copepods dominated by Calanus became more important. There is no
information about regional differences in dietary composition for A. marinus within
the North Sea, or about any potential changes in dietary composition that might
result from changes in the abundance or distribution of the prey items.

16.2.8 Growth

Growth rate of post-settled sandeels is highest during the main feeding season
between March and July (Winslade, 1974c; Bergstad et al., 2001).

There is considerable variation in size- and age-at-maturity between regions in the
North Sea (Boulcott et al., 2007). Sandeels from regions of faster growth mature earlier
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and at a larger size. For example, sandeels off the Firth of Forth area have lower
growth rates than those from offshore banks, and mature later.

Weight-at-age aggregated by half year is highly variable (Figure 16.5), owing to
spatial variation in growth and the large variability in fishing pattern between years
(ICES, 2006m). Weight-at-age is generally higher in the northern than in the southern
North Sea, especially for age-2+ sandeels.

Density-dependent growth has been found for other species of sandeels (Nagoshi
and Sano, 1979), but has not been documented for A. marinus in the North Sea.
Bergstad er dl. (2001) reported differences in size-at-age between unexploited sites
and commercially fished areas, but these differences could not be related to
population density.

Based on observations of the food items that Atlantic puffin (Fratercula arctica) fed to
their chicks, Wanless et al. (2004) concluded that there was a decrease in size of
sandeels in the Firth of Forth area off the Scottish east coast over a 30-year period.
Changes in growth of sandeels in the rest of the North Sea have not been analysed
over the same period.
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Figure 16.5. Variations in the mean weight-at-age of sandeels during the first half of the year in
the northern North Sea (upper panel) and southern North Sea (lower panel).

16.2.9 Ecosystem role and trophic interactions

Sandeels are a valuable food source for many marine predators because of their high
abundance and high caloric value (Hislop et ah, 1991). They are preyed upon by a
range of fish species (ICES, 2005¢), seabird species (Wright and Tasker, 1996; Furness
and Tasker, 1997), and marine mammals (Harwood and Croxall, 1988), and their
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abundance may be highly influenced by the abundance of their predators (Sherman
et al., 1981).

A significant relationship between seabird breeding success and sandeel abundance
has been demonstrated for the black-legged kittiwake (Rissa tridactyla; Daunt et al.,
2008; Frederiksen et al., 2008). For the guillemot (Uiria aalge), however, it appears to be
the length of age-1 sandeels, and not abundance per se, that influences breeding
success (Frederiksen et al., 2006). MacLeod ef al. (2007) relate the local decline in
sandeel abundance to starvation in harbour porpoise (Phocoena phocoena) in the
Scottish North Sea and speculate that the impact of climate change on sandeels may
subsequently affect the survival of these porpoises.

16.2.10 Life-history strategy

Sandeels produce large, energy-rich demersal eggs. Demersal eggs are generally
richer in energy than pelagic eggs of the same size (Lonning et al., 1988) and usually
larger than pelagic eggs. Larvae that hatch from demersal eggs are therefore better
suited to withstand unfavourable nutritional conditions than those hatched from
pelagic eggs (Einum and Fleming, 2000). Sandeel larvae have a long transition period
from internal to external feeding, indicating that sandeels are less sensitive to
environmental factors, such as temperature and prey densities, than species with
other adaptive characteristics. This was confirmed by Malzahn et al. (2007), who
found that sandeel larvae are fairly robust to variable external feeding conditions.

Like Wright and Bailey (1996), Malzahn et al. (2007) found a strong seasonality in
larval condition, as favourable feeding conditions occur only during a short period of
the year. However, contrary to the match—mismatch hypothesis (Cushing, 1990), the
period of highest larval condition was not at the peak of food availability, but 2—-3 wk
earlier.

In conclusion, as a short-lived species living in a highly variable environment,
sandeels seem to have adopted a conservative reproductive strategy involving the
production of larger eggs and a longer transition phase from internal to external
feeding in order to ensure that at least subsets of their offspring will survive.

16.2.11 Stock dynamics

The stock dynamics of sandeels is driven by highly variable recruitment, high natural
mortality, and fishing.

Published information has generally demonstrated that the stock-recruitment
relationship of sandeels is either weak or non-existent (Arnott and Ruxton, 2002;
ICES, 20061, 20071). However, the biomass of age-1 sandeels (non-spawners) seems to
be negatively correlated with recruitment (Arnott and Ruxton, 2002). This may be
ascribable to intraspecific competition or cannibalism (Kishi ef al., 1991; Kimura et al.,
1992). Cannibalism may also explain why large year classes have never been
observed in two succeeding years (Daan et al., 1990) and the negative correlation
between larval abundance and commercial landings, as found by Hart (1974).

It has also been claimed that herring (Clupea harengus) influence stock dynamics
(Sherman et al., 1981). Herring are known to prey on sandeel larvae and early
juveniles (Savage, 1937; Hopkins, 1989; Pommerantz, 1981; Last, 1989); however,
information about the effect of this predation on sandeel population dynamics is still
lacking. On the other hand, for the Shetland stock, the negative covariation between
sandeel total-stock biomass and herring spawning-stock biomass is striking
(Frederiksen et al., 2007). This may support a predation interaction, but other
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interpretations are also possible, such as an opposite dependence on a common
external driving factor.

Fisheries

Sandeels in the North Sea are taken by trawlers using small-mesh trawls (<16 mm
mesh). The fishery developed during the 1970s, and landings peaked in 1998 at more
than 1 million t (Figure 16.3), when the stock was subject to the largest fishery in the
North Sea.

The fishery is seasonal, owing to changes in the availability of sandeels in the water
column (Figure 16.6). The sandeel fishing season usually starts in March and
normally peaks in May/June. Landings tend to decrease in summer and increase
again towards the end of the season, when age-0 fish are exploited, generally in the
eastern North Sea (ICES, 2005a). Commercial fishing never takes place at night
because sandeels are then buried in the seabed and inaccessible to trawl gear.

The fishery starts and ends each year in the southern part of the Norwegian zone. The
majority of the landings takes place in the second quarter of the year in the central
North Sea, with the largest landings from the Dogger Bank area and the southern
part of the Norwegian zone. In the third quarter, the distribution of catches generally
changes from a dominance of the west Dogger Bank area to fishing grounds located
farther east. From 1991 onwards, grounds off the Scottish east coast have been
targeted, particularly in June. However, since 2000, the banks in part of the Firth of
Forth area have been dosed to fishing (Greenstreet ef al., 2006; Daunt et al., 2008).

The fishery targeted on age-0 sandeels was stopped in 2006, when a closed season
was introduced and no fishing was allowed after 1 August.
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Figure 16.6. Landings of sandeels by quarter of the year and ICES rectangle, averaged over the
period 1994-2003. Landings include: Danish and Norwegian landings for the whole period,
Scottish landings from 1997 onwards, and Swedish landings from 1998. Landings for other
countries are negligible. The sizes of the circles correspond to landings by ICES rectangle. All
rectangle landings are scaled to the largest rectangle landings shown in the Quarter 1 map. The
area off the east coast of Scotland has been closed to the sandeel fishery since 2000, and the
boundary between the EU and the Norwegian EEZ is shown. (Source: STECF, 2005b.)

Changes in production

The sandeel stock in the North Sea has been at a low level since 2000, with an increase
in stock size from 2005 to 2007 (ICES, 2007j). Since the strong 1996 year class, only the
2001 year class has been above average; since 2002, recruitment has been low (Figure
16.7). Since 2002, small year classes have been produced by small spawning
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populations. From 2002 to 2003, there was a large decrease in total landings owing to
the decline in stock size (Figure 16.3).

Recruitment at (age 0)
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Figure 16.7. Time-series of recruitment of sandeels (age 0) in the North Sea. (Source: ICES, 2007b.)

Recent analyses of the variability in sandeel abundance in the Firth of Forth area,
which was closed to fishing in 2000 (Greenstreet e al,, 2006), demonstrated that the
biomass of age-1+ sandeels increased sharply during the first year of the closure
(2006) and remained higher. In all four of the closure years analysed, it remained
higher than in any of the preceding three years when the fishery was operating. The

closure appears to have coincided with a period of enhanced recruitment.

Changes in distribution

The spatial distribution of landings is considered to be a good representation of stock
distribution, except for areas where severe restrictions on fishing effort are applied.
Yearly maps of landings by ICES rectangle (Figure 16.8) demonstrate a large
reduction in landings and fishing patterns since 2003. The reduction in landings has
been particularly marked in the northern part of the North Sea. In the Norwegian
EEZ, landings fell by almost 90% in 2003 and 2004 when compared with 1994-2002.
Survey data demonstrate that the reduction in landings in the northern North Sea
was caused by local low abundance (ICES, 20061). In 2006, concurrent with the overall
increase in stock size, several areas in the northeastern North Sea, with previously
low abundance, were recolonized by age-0 sandeels and subsequently fished in 2007.
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Figure 16.8. Landings of sandeels by year and ICES rectangle for the period 1995-2007. Landings
include: Danish and Norwegian landings for the whole period, Scottish landings from 1997
onwards, and Swedish landings from 1998 onwards. Landings for other countries are negligible.
The sizes of the circles correspond to landings by rectangle. All rectangle landings are scaled to
the largest rectangle landings shown in the 1995 map. The boundary between the EU and the
Norwegian EEZ is shown in the map. (Source: ICES, 2007j.)

Processes underlying observed changes

Wright and Bailey (1996) found that coupling between hatching and the onset of
secondary production is important for growth and survival of larvae. Furthermore,
Malzahn et al. (2007) found that low RNA:DNA in larvae was only linked to poor
feeding conditions at times of an extreme decrease in food availability. Although
smaller larvae demonstrated no significant decline in condition with decreasing prey
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abundance, larger larvae suffered from poor feeding conditions and only the fittest
survived. In contrast, smaller larvae were not affected by low zooplankton prey
densities, probably because of their ability to utilize two sources of energy: internal
yolk reserves and external food. Changes in the timing of hatching and the temporal
and spatial variation in abundance of zooplankton may therefore be one of the
explanations for the observed changes in stock dynamics.

Analyses carried out by ICES (20060) demonstrated that there was a significant
change in recruitment in 2001 for herring, Norway pout (Trisopterus esmarkii), and
sandeel, but that different mechanisms may have been responsible. Although the
decline in sandeel recruitment could be linked to both the North Atlantic Oscillation
(NAO,) index and the annual average abundance of Calanus finmarchicus in the central
North Sea, it was not possible to determine the mechanisms driving recruitment in
sandeels or the link between changes in the environment and sandeel population
dynamics.

ICES (20071) reanalysed the stock-recruitment relationship of sandeels in the North
Sea. The residuals in the stock—recruitment relationship were distributed evenly and
randomly around the mean value and did not appear to reflect any obvious trends in
stock dynamics. Productivity (recruits per spawner) was highly variable throughout
the time-series modelled (1984-2005), with the highest productivity in 1997 and 2002,
followed by a sharp decrease in the following year. An increasing trend in
productivity was observed for the most recent years.

Recently, the abundance of jellyfish (e.g. Aurelia aurita) in the North Sea has been
increasing (ICES, 20071), and several projects are currently beginning to assess their
impact on fish recruitment. Even though sandeel polytypes have a high invasive
potential (being abundant in most northern shelf coastal areas), jellyfish species can
prevent sandeels from realizing their full recruitment potential.

Conclusions on climate effects

Wright and Bailey (1996) and Malzahn et al. (2007) demonstrated that climatic
variability affecting the dynamics of the zooplankton food of sandeels can affect the
population dynamics of sandeels. This was also indicated by Arnott and Ruxton
(2002) and ICES (20060), who found year-class strength to be inversely related to the
NAO index. High water temperatures during the egg stage lead to early hatching
(Winslade, 1971), which, in turn, seems to lead to small year classes as a result of
unfavourable feeding conditions and lower growth in early hatched larvae. This
coupling between the appearance of first-feeding larvae and the onset of spring
secondary production appears to be common among winter-hatching Ammodytes
species; outside the North Sea, it has also been reported for sandeel larvae in the
Northwest Atlantic (Sherman ef al., 1984; Monteleone and Peterson, 1986; Fortier et
al., 1995) and in Japanese waters (Inoue et al., 1967).

As a large proportion of the total mortality of sandeels is the result of predation, any
changes in predator distribution and abundance that result from climate change may
have a strong impact on sandeel population dynamics.

Addressing the potential direct and indirect impacts of abiotic climate-related change
requires a comprehensive description of both the physiological and habitat
requirements of sandeel, most importantly A. marinus, which dominates the sandeel
biomass in the North Sea. Unfortunately, many pieces of the puzzle are currently
missing, but a few important results should be mentioned.
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Habitat quality and location. The burrowing habit of the sandeels
requires a sandy substratum, without too fine-grained fractions, to meet
respiratory needs. The depth range does not appear to be sharply
defined, but is normally less than 150 m (Reay, 1970). Other habitat
attributes may also be required, but are not currently well described.

Local physical-biological environment. Historically, the southern
distribution limit of A. marinus has been the Channel areas at the
southern boundary of the North Sea (Reay, 1970). Temperature may well
determine this distribution limit, which life stage or physiological aspect
is mainly affected is currently unknown. The temperature or salinity
affinity of sandeels is not well described, although sandeels are found in
both brackish water and salt water. Eggs are demersal, so transport
mechanisms will not be affected by egg buoyancy properties. Stomach
analysis of sandeel larvae has indicated that they digest a composite of
zooplankton species (Ryland, 1964), but the relative nutritional value of
the various dietary groups needs further investigation.

Non-local physical-biological conditions. The above points concern
local, observable attributes that quantify the suitability of a given area to
support local sandeel subpopulations. However, sandeel larvae depend
heavily on successful larval transport from hatching areas to settlement
areas (which may be coincident); hence, interhabitat connectivity and
relative regional retention of larval production are a major issue. With
state-of-the-art, three-dimensional hydrodynamic models, this issue can
be addressed from first principles, and, indeed, strong interannual and
spatial variability in larval transport success has recently been
demonstrated for North Sea sandeels (Christensen et al., 2008).
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Cod

Georg H. Engelhard, Michael R. Heath, and John K. Pinnegar

Introduction

This section reviews knowledge of the Atlantic cod (Gadus morhua; order Gadiformes,
family Gadidae), with particular reference to the effects of climate change. It starts
with an overview of the general biology and ecology, which is relevant to
understanding the possible impact of climate change, and then reviews the evidence
for changes in distribution and production in relation to climate.

General biology

The Atlantic cod, a species of prime commercial significance, is among the top
predators inhabiting the northern temperate and cold waters of the Atlantic. A range
of stocks is distributed from North Carolina on the east coast of the US up to
Labrador, around Greenland and Iceland, and from Spitsbergen and the Barents Sea
to the Bay of Biscay. Cod can attain a maximum size of >190 cm, although individuals
>125 cm are uncommon nowadays, especially in areas more to the south.

Juvenile cod up to 6 months of age are pelagic and feed mainly on copepods. Upon
reaching a length of ca. 7cm, they adopt a demersal way of life and, as so-called
"codling", become largely benthivorous, feeding especially on crustaceans. As they
grow larger, however, the diet becomes increasingly dominated by fish, which may
include young cod. Their depth range is 10-500 m (usually 20-150 m); feeding
temperatures range from -1°C to 10°C. Growth rates vaiy markedly by stock, with
southern stocks generally growing faster; for example, the average weight of age-4
cod ranges from ca. 0.6 kg off Labrador to 7.3 kg in the Celtic Sea (Brander, 1995).
Accordingly, maturity differs between stocks, with males tending to mature earlier
than females. In the North Sea, males and females start to mature at age 2 and age 3,
respectively, and all fish have reached maturity by age 6. In Irish Sea cod, maturity is
complete by age 3, whereas in slower-growing, northern stocks, maturation occurs at
considerably greater ages; in the Barents Sea, some fish may not mature until age 11
(and historically, up to age 14; Jorgensen, 1990).

In February-April, cod migrate to the spawning grounds, which are often well
defined and typically in areas with depths of 40-350 m. Dense aggregations may
occur at the spawning sites, and these have traditionally been of great importance to
the fisheries. Spawning temperatures range from -0.5 °C to 6°C, and the spawning
salinity is 33-35 psu (Svetovidov, 1948; Rose and Leggett, 1988; Heessen and Daan,
1994; Rose, 2005). Females have high fecundity (up to 9 million eggs fish I); this is
especially the case for larger, older females, which have considerably higher
fecundity per kilogramme body weight than smaller, first-time spawning females
(Kjesbu et ah, 1991; Trippel, 1998).

Fisheries

Historically, cod has arguably been one of the most commercially important fish
species, and its fisheries have played a prominent role in the economical and political
development of Europe as well as North America over the past centuries (Solhaug,
1976; Kurlansky, 1997). More recently, disputes over cod fishing grounds have led to
such well-known conflicts as the British-Icelandic "cod wars" of 1958-1961, 1972-
1973, and 1975-1976 (Gilchrist, 1978; Jonsson, 1982), which ultimately contributed to
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the international establishment of 200-mile Exclusive Economic Zones. Currently, cod
remains one of the world’s most important fish species, and in 2004, ranked 12th
among all fish species in terms of global landings (and even higher in terms of value
of landings; FAQO, 2007). This is despite significant declines in landings of most cod
stocks, including the most productive ones, during recent decades (see Section 17.4).

Among the most important stocks in the Northwest Atlantic are northern (or
Newfoundland) cod, Georges Bank cod, and Gulf of Maine cod, currently exploited
by Canadian and US fisheries, but previously also by Basque, French, British, Soviet,
and other European fisheries (e.g. Kurlansky, 1997). In the Northeast Atlantic, the
largest stocks are those off Iceland and, historically even more productive (Godg,
2003), in the Northeast Arctic (or Arcto-Norwegian). The latter stock uses the Barents
Sea as its main feeding and nursery areas and spawns off Norway’s Lofoten Islands
(Godg, 2003). It is this stock that, since medieval times, has supported the trade of
“stockfish”, or “bacalao”, commenced by the Hanseatic League. Among Northeast
Atlantic stocks, North Sea cod ranks third; together with Icelandic cod, this is the
chief ingredient of England’s popular “fish and chips” meal. Other cod stocks of great
importance to the fisheries of various European countries are distributed over the
Baltic, Irish and Celtic seas, and the English Channel.

In the context of the well-publicized, low levels of many cod stocks, it is of note that,
traditionally, these often formed the “backbone” for local, demersal trawl fisheries.
Until approximately two decades ago, cod often made up approximately one-sixth of
the total demersal landings by British trawlers from the North Sea and as much as a
third or a quarter of pre-1970s landings from Icelandic waters (Engelhard, 2005).
Although the otter trawl is the most important gear, cod are also caught by beam
trawl, and have been caught by longline since ancient times. They are, in addition, of
some interest to marine recreational fisheries.

Observed changes in production

In recent decades, cod landings have declined almost throughout the species” range.
In the Northwest Atlantic, the huge northern (Newfoundland) cod stock collapsed in
the early 1990s and has, until now, failed to recover, despite stringent fishery
restrictions (Hutchings and Myers, 1994a; Rose et al., 2000; Fu et al., 2001; Olsen et al.,
2004). In the Northeast Atlantic, cod landings in most European countries have
generally declined. A fairly consistent, although less clear-cut, picture emerges if
landings are visualized separately for each of the major fishing regions (Figure 17.1),
and only in Icelandic and northeast Arctic cod has there been some reversal or
attenuation of the declines.
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Figure 17.1. Northeast Atlantic cod: trends in total landings by fishing region. Left panel: the four
most productive cod stocks (unit: millions of tonnes). Right panel: stocks or regions of secondary
importance (unit: thousands of tonnes). (Data from ICES Fisheries Statistics.)

In the North Sea, the recent drop in landings is noteworthy because it followed two
decades of particularly high productivity known as the "gadoid outburst" (late 1960s
to mid-1980s; Daan, 1978; Hislop, 1996). During the "gadoid outburst", not only cod,
but also haddock (Melanogrammus aeglefinus), whiting (Merlangius merlangus), saithe
(Pollachius virens), and Norway pout (Trisopterus esmarki) produced some of the
largest year classes on record (Holden, 1978; Jones and Hislop, 1978). Whereas
landings of various gadoid species had remained fairly stable throughout the period
1900-1950, they rose enormously during the 1960s and remained veiy high until the
mid-1980s, after which they tended to decline again. Survey indices have indicated
that this resulted not only from substantially increased fishing effort, but also, to a
considerable extent, from high stock levels generally. Climatic influences have been
widely indicated to account for these changes, but there are alternative hypotheses,
e.g. a lack of herring (Clupea harengus) predation on juvenile gadoids through
overfishing of herring. During the "gadoid outburst", each of the above gadoid
species had generally high recruitment, but there was no particular year when all of
the species had outstanding year classes (Jones, 1977).

Cod stocks have been subjected to excessive fishing pressure for many years, and 14
out of 15 Northeast and Northwest Atlantic stocks analysed by Brander (2007) have
declined since 1970. Remarkably, in 10 of these 15 stocks, the periods of population
decline were preceded by, or coincided with, declines in mean weight-at-age.
Therefore, reductions in stock biomass were the result not only of a decrease in
number, but also of a decrease in size of individual fish. Ten of the stocks have also
experienced temporary increases in biomass, which were accompanied by increasing
weight-at-age (Brander, 2007). Whereas this does not challenge fishing as a major
cause of population declines, it does suggest that environmental factors are also
important contributors to the fluctuations by affecting not only recruitment but also
growth rates of cod (Brander, 2007).

Observed changes in distribution

At the scale of the Northeast Atlantic, Heath (2007b) reported an indication of
changes in regional productivity of cod stocks over time, but no evidence from
landings data that a wholesale northward shift in distribution might have occurred.
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Recent warming has, however, probably resulted in enhanced productivity at the
northern edge of the range and reduced productivity at the southern edge (Planque
and Frédou, 1999; Heath, 2007b).

Within the North Sea, a northward shift in the mean latitudinal distribution of cod
has occurred over the past three decades. This was demonstrated by several studies
on cod distribution based on the North Sea International Bottom Trawl Survey or
subsets thereof (Hedger et al., 2004; Perry et al., 2005; Rindorf and Lewy, 2006),
although the evidence of northward distribution shifts is less clear-cut if based on
commercial trawler catch per unit of effort (cpue) data (Engelhard et al., 2008). Perry
et al. (2005) estimated that the centre of population shifted 117 km towards the Arctic
between 1977 and 2001. However, it is unclear to what extent the observed changes
relate to climate warming, or might be caused by higher fishing pressure in the south
central North Sea compared with northern North Sea, or to other factors.

In agreement with the “climate hypothesis”, Hedger et al. (2004) found that cod were
caught in deeper water during 1990-1999 than during 1980-1989, but their
distribution with respect to temperature was unchanged. Although this suggests that
cod responded to changing sea temperatures by actively seeking out a temperature
niche, such an explanation of “cod swimming north” is probably too simplified
(Hedger et al., 2004; Heath, 2007b). The following also needs to be considered: (i)
although the southern North Sea is typically warmer than the northern North Sea in
summer, the opposite is true during winter; (ii) within North Sea cod, there are
distinct subpopulations that appear to be reproductively isolated, implying little
interbreeding and mixing (Hutchinson et al., 2001, Wright et al., 2006); (iii)
information from data-storage tags, recovered from 129 individual cod throughout
the North Sea, revealed that the fraction of the sea experienced by these fish was
actually warmer than that potentially available to them (Neat and Righton, 2007).
This was especially the case in the southern North Sea, where, during summer, most
of the individuals experienced temperatures considered superoptimal for growth,
well in excess of 14°C. In the northern North Sea, temperatures experienced rarely
exceeded 14°C, but were, nevertheless, generally close to the upper seasonal trend in
local bottom temperature; a few cod were exceptions, actively seeking out colder
temperatures, confirming that cooler waters were within reach of the fish (Neat and
Righton, 2007). Most did not, however, leading the authors to conclude that the
changing thermal regime of the North Sea is not yet causing adult cod to move to
cooler waters. Further evidence of active, small-scale, thermoregulatory movements
is provided by Jones and Campana (2009).

As a possible climate-driven mechanism for distribution shifts, Rindorf and Lewy
(2006) suggested that, during a recent series of winters characterized by high
temperatures and southerly winds, increased northward transport of eggs and larvae
may have occurred, leading to a northward shift in the distribution of juveniles the
following year. Once settled at a location more to the north, cod may “home” to the
same spawning sites year after year, resulting in genetically distinct spawning
aggregations (Ruzzante et al., 2001, for northern cod). This may make it difficult for
the southernmost spawning sites, after they have become depleted, to become visited
again once a more northward distribution shift of adolescent cod has occurred
(Rindorf and Lewy, 2006).

Meanwhile, within the North Sea, there are considerable spatial differences in
trawling effort distribution, which is generally higher in the southern and central
North Sea than in the northern North Sea (Jennings et al., 1999b; Callaway et al., 2007).
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Hence, it is likely that unbalanced depletions of local cod concentrations (Hutchinson
et al., 2001) have taken place, so that greater depletion in the south may well have
caused the overall distribution shifts (Heath, 2007b). There is also some evidence that
the general decline in North Sea cod recruitment took effect earlier in the
reproductively segregated substock in the southern North Sea than in the northern
North Sea, contributing to the more serious decline in the south (Holmes and Wright,
2005; Heath, 2007b). Finally, the northward distribution shift could be explained by
the strong population decline per se. As populations decrease, they have a tendency to
contract into areas of highest habitat suitability (in line with predictions from ideal
free-distribution theory). Blanchard et al. (2005) demonstrated that the locations of
such “basins” of good habitat are fairly persistent and are in the northeastern North
Sea for age-1 cod and in the northwestern North Sea for age-2 cod, with the
diminished stock having become increasingly confined to these sites.

Processes underlying observed changes

17.6.1 Growth

There is evidence that temperature is linked to growth and development of cod
throughout life, from the egg and larval phases through to the adult stage. The
developmental rates of the eggs in a wide range of cod stocks have been
demonstrated experimentally to increase significantly with temperature, at least
within a temperature range of ca. 0-12°C (see references in Geffen et al., 2006). At the
same time, egg survival was negatively related to temperature, albeit to a much lesser
extent than the positive effect on growth (Geffen et al., 2006). As a result, optimal
temperatures for egg development appear to lie between 2°C and 7°C, with less
optimal but potentially viable temperatures outside this range, but within 0-10°C
(Geffen et al., 2006). Van der Meeren and Ivannikov (2006) confirmed that
temperatures above 9.6°C resulted in significant reductions in fertilization and
normal egg development and that, concurrently, fractions of dead and unfertilized
eggs increased with elevated temperature.

Larval and juvenile growth is also temperature dependent. For example, Otterlei ef al.
(1999) demonstrated that reared larvae and juveniles, followed over the first two
months after hatching, grew faster as temperatures increased from 4°C to 14°C; this
corresponded to a considerably reduced larval stage at higher temperatures (Otterlei
et al., 1999). The optimum temperature of larval cod fed to excess was estimated at
between 14°C and 16°C, and temperature and condition were, moreover, positively
correlated (Otterlei et al., 1999). In the field, a positive link between temperature and
larval growth has also been found, although there appears to be a stronger positive
link with photoperiod (Buckley et al., 2006). However, it is important to note that,
when food is scarce, higher temperatures can lead to decreased growth through
higher metabolic costs, as demonstrated experimentally (Buckley et al., 2006).

Experiments have demonstrated that temperature is still related to the (food-
unlimited) growth rate of larger cod up to several years old, although the effects are
not as pronounced as in small juvenile cod (Bjornsson and Steinarsson, 2002).
Moreover, the optimal temperature for growth of cod decreases with increasing size
of fish, from 14.3°C for 50 g fish to 5.9°C for 5000 g fish (Bjornsson and Steinarsson,
2002), so that weight at age 3 would be maximal at an ambient temperature of ca.
8°C. If field observations of length-at-age are compared between cod stocks, it is
evident that warm-water stocks generally grow faster than cold-water stocks
(Brander, 2007). The effect of temperature change is progressively greater at low
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temperatures (Bjornsson and Steinarsson, 2002; Brander, 2003; Folkvord, 2005 for the
larval stage). This may explain why the warm-water stocks (Georges Bank and the
North, Irish, and Celtic seas) demonstrate less variability in weight-at-age than cold-
water stocks (Brander, 2007).

Brander (2007) emphasized that decreases in mean weight-at-age have preceded or
coincided with biomass declines in a range of cod stocks. Reductions in growth rates
may well have been a contributory factor in population declines, given that body size,
survival, and reproductive potential are well known to be tightly interlinked (Roff,
2002). Clearly, temperature effects have played a role in the changes in growth rates,
but there is also evidence for effects of prey availability (Krohn et al., 1997), density-
dependence, and possibly size-selective effects of fishing, whereby larger, heavier
individuals are more at risk from mortality through fishing than smaller ones (Heino
and Godg, 2002; Swain et al., 2003).

17.6.2 Recruitment

Planque and Frédou (1999) demonstrated that, at a global scale, there are differences
between cod stocks in how recruitment is related to sea temperatures. Generally,
stocks demonstrate high variability in recruitment (Figure 17.2). If analysed
separately by stock, only four of nine stocks demonstrated statistically significant
relationships of sea surface temperature (S5T) with recruitment anomalies (i.e. the
residuals of log, recruitment, after fitting the stock-recruitment relationship).
However, in a meta-analysis of the combined stocks, they found that the sign of the
relationships was generally positive for cold-water stocks (inhabiting bottom
temperatures <6°C), negative in warm-water stocks (inhabiting bottom temperatures
>9°C), and very close to zero in stocks inhabiting intermediate bottom temperatures
(7-8°C). Thus, towards the northern end of the species’ distribution range,
recruitment appears to benefit from higher than average ambient temperatures; the
opposite is true towards the southern end of the distribution range.

On top of direct temperature effects on development, growth, and survival, climate is
probably also indirectly linked to cod recruitment by affecting the abundance and
availability of prey. Differences in temperature-recruitment relationships between
cod stocks are probably largely attributable to different climatic impacts on
zooplankton composition and biomass. Calanoid copepods, in particular, provide the
main prey for larvae in many cod stocks, as well as for several other fish species that,
in turn, are eaten by larger cod. In the Barents Sea, where northeast Arctic cod
demonstrate a significant, positive temperature—recruitment relationship (Ottersen
and Sundby, 1995; Planque and Frédou, 1999), abundance of Calanus finmarchicus is
thought to be positively related to sea temperature, because warmer temperatures are
associated with an increased influx of copepod-rich waters from the Atlantic (Aksnes
and Blindheim, 1996; Helle and Pennington, 1999).

The opposite appears to be true in the North Sea, where temperature and cod
recruitment have a significant negative relationship (Planque and Frédou, 1999;
O'Brien et al., 2000; Beaugrand et al., 2003; Clarke et al., 2003). Cold conditions during
the 1960s and early 1970s were correlated with a sequence of positive recruitment
deviations (O'Brien et al., 2000; Brander and Mohn, 2004), and so contributed to the
“gadoid outburst” of the late 1960s to mid-1980s, when productivity of cod and other
roundfish stocks was very high. The end of the gadoid outburst has often been
related to significant warming of the North Sea, especially since 1988, in addition to
overexploitation of the spawning stock (O’'Brien et al., 2000).
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Beaugrand et al. (2003) proposed a mechanism that acted through zooplankton,
demonstrating that survival of larval cod was primarily related to the abundance of
C. finmarchicus and euphausiids, and the mean size of calanoid copepods; there was a
negative link to Calanus helgolandicus and weaker, but again positive, links to total
calanoid biomass and the genus Pseudocalanus. Each of these have generally been
high from the colder mid-1960s to mid-1980s and low from the mid-1980s to the
present, with the exception of C. helgolandicus, which demonstrates opposite trends
(Beaugrand et al., 2003). By including temperature—zooplankton—cod recruitment
links, Planque et al. (2003b) were able to make short-term recruitment forecasts
where, based on late January SST, cod recruitment could be projected with 42%
accuracy (as opposed to 17% if SST was not included).
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Figure 17.2. Northeast Atlantic cod: time-series of recruitment (in millions) for (a) northeast Arctic
cod at age 3, (b) Icelandic cod at age 4, (c) western Baltic cod at age 1, (d) eastern Baltic cod at age
2, (e) North Sea cod at age 1, and (f) Faroe cod at age 2. (Data from ICES, 2006a, 2006b, 2006c,
2006d, 2006g.)

Nevertheless, although C. finmarchicus abundance and North Sea cod recruitment
were found to have a significant positive relationship (Beaugrand et al., 2003), some
controversy remains about whether the two are mechanistically linked or subject to
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common, underlying causes (C. J. Fox, pers. comm.). Notably, the majority of cod
larval production within the North Sea, both historically and recently, has occurred
in the mid- to southern regions (Fox et al, 2005). Here, C. finmarchicus are
considerably less abundant than in more northern latitudes, comprising only a small
fraction of the total copepod abundance (Pitois and Fox, 2008), and diet studies have
demonstrated that Pseudocalanus copepods make up the bulk of the food for cod
larvae in these regions.

In the Baltic Sea, cod recruitment and development appear to be related to an
interplay between salinity, oxygen concentration, temperature, and eutrophication
(MacKenzie et al., 2002). Unlike elsewhere, cod eggs in the Baltic are neutrally
buoyant in deep water below the permanent halocline. Salinity and oxygen
concentrations below the halocline vary relative to major, dimate-driven inflows
from the North Sea. They have a direct impact on the development of the eggs, which
require a salinity of at least 11 psu and an oxygen concentration of at least 2ml1-! to
develop (Nissling et al., 1994; Wieland et al., 1994). Within the Baltic, the volume of
water with these characteristics has been termed the “reproductive volume” for Baltic
cod (Plikshs et al., 1993; MacKenzie et al., 2000), and modelled variability in the
reproductive volume has been applied in the development of Baltic cod
stock—recruitment models (Koster et al., 2001a, 2001b; Rockmann et al., 2007a, 2007b).
Climatic variables directly and indirectly influence the Baltic Sea hydrography and,
therefore, the reproductive volume for the cod stock. Moreover, climate effects on the
zooplankton prey for cod juveniles (specifically the copepods P. acuspes and Acartia
spp.) have also been demonstrated to be important in influencing cod population
dynamics in the Baltic Sea (Mollmann ef al., 2008).

17.6.3 Mortality

For the early life stages, experimental work suggested that positive effects of
temperature on growth (within a range of ca. 0-12°C) were partly offset by
apparently weaker, negative effects on survival (Otterlei et al., 1999; Geffen et al.,
2006), resulting in optimal temperatures for early growth and survival combined of
ca. 2-7°C (Geffen et al., 2006). When cod grow large enough to be caught by
commercial fisheries (from ca. age 1-2 onwards), fishing mortality (F) is generally
thought to become the dominant source of mortality in many cod stocks, often far
exceeding natural mortality (M; e.g. for age-3+ North Sea cod: M assumed to be
0.2 year!, F estimated at ca. 0.4-0.6 year'; ICES, 2006l). Thus, temperature effects on
mortality are likely to be most prominent during the early life stages and, in later life
stages, are likely to become overshadowed by the effects of exploitation. However,
this does need to be examined further, particularly because there is evidence that
decades of sustained high fishing mortality may have made cod stocks more sensitive
to climate change by altering such aspects as stock structure, age composition of the
spawning stock, and ages and sizes at maturation.

Marked changes in maturity have taken place in a variety of cod stocks. At the
present time, cod are maturing at earlier ages and smaller sizes than they did some
decades ago (northeast Arctic cod: Jorgensen, 1990; Heino et al., 2002a, 2004; Georges
Bank and Gulf of Maine cod: O'Brien, 1999; Barot et al., 2004; northern cod: Olsen et
al., 2004). In northeast Arctic cod, for example, age at first spawning is now typically
5-8years compared with ca. 10-11years in the 1930s, and average length at
maturation has decreased in parallel, from ca. 85-90 to 70-75 cm (Jergensen, 1990;
Heino et al., 2002a, 2004). These changes have been attributed to (i) fishery-induced
genetic selection for earlier maturation (evolutionary change), where, under high
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fishing pressure, very few late-maturing individuals survive until first spawning,
and, hence, despite larger size, on average produce fewer offspring than early-
maturing, small individuals (Borisov, 1978; Heino and Godo, 2002); and (ii) to faster
growth leading to earlier maturation. The latter can be a compensatory response to a
reduction in stock size caused by fishing, thus relaxing intraspecific competition for
food (Jorgensen, 1990). However, faster growth can also result from changing climatic
conditions directly influencing food abundance. Of course, this is not a
straightforward relationship because there is a balance between increased
temperature, food availability, higher metabolic cost, and reduced oxygen loading,
which can lead to the onset of metabolic stresses that may reduce growth rates
(Pilling et al, 2007). Both fishery-induced selection pressures and environment-driven
changes in growth rates have contributed to maturity changes in cod stocks (Heino et
al, 2002a; Barot et al., 2004; Olsen et al., 2004). An important implication is that, as a
result of changes in age and size at maturation caused by high fishing mortality, the
mean age and size of spawning cod have dropped substantially. However, larger,
older cod have disproportionally higher fecundity and also produce individual eggs
of higher quality (Kjesbu ez ah, 1991; Trippel, 1998). As a result, the observed changes
towards earlier maturity at smaller sizes are negatively affecting the reproductive
potential of cod stocks (Heino and Godo, 2002; Marshall ez ah, 2003) and are therefore
making cod stocks more sensitive to climate change.
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Figure 17.3. (a) Increasingly strong moving correlation (21-year time window) between year-class
strength at age 3 of northeast Arctic cod and sea temperatures in the Kola section of the Barents
Sea (0-200 m depth, 1943-1999). A 21-year correlation outside the stippled bands is statistically
significant (p <0.05). (b) Long-term decreases in the mean age (black circles) and mean length (red
circles) of spawning cod. (Reproduced with permission from Ottersen et al., 2006.)
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There is evidence that, apart from reductions in age and size of first-time spawners,
truncations in the age structure of spawners in general are also making cod more
responsive to climate change. For northeast Arctic cod, links between climate and
recruitment have already been suggested in Hjort's (1914) classical paper, and
Seetersdal and Loeng (1987) demonstrated that cold years never provide strong year
classes. This stock has the Barents Sea as a nursery area, and explanatory mechanisms
incdlude more inflow of warmer, prey-rich Atlantic water from the southwest in
warmer years (Helle and Pennington, 1999). During recent decades, there has been a
clear positive temperature—recruitment correlation; remarkably, this link was weak
or non-existent in earlier decades (Figure 17.3a; Ottersen and Stenseth, 2001). As
pointed out by Ottersen et al. (2006), the current higher dependence of recruitment on
climate is probably related to changes in stock structure (Figure 17.3b), notably, a
change in the average age and length of spawners from 10-11 years and >90 cm to 7—
8years and 80 cm, and a decrease in the number of age classes. This has been
attributed to high fishing mortality, especially from the 1960s onwards (Godg, 2003;
Ottersen et al., 2006), and to decreased age and size at maturation (Heino et al., 2002a).
A major implication is that fishery-induced impoverishment of stock structure
(reduced and fewer ages, smaller sizes) can increase the sensitivity of a previously
robust stock to climate change. Worryingly, truncations in the age distributions of
spawners have occurred in most cod stocks.

17.6.4 Consequences for future management

Future, COzinduced, climate-change scenarios from global circulation models
(GCMs) indicate increasing air temperatures, especially in the Arctic and Subarctic
where cod are distributed (IPCC, 2001, 2007). Several studies have recently addressed
how, against this background, future management of cod may have to be adapted to
account for climate-change impacts. Drinkwater (2005) modelled how the major cod
stocks might respond to climate change in future under different global-warming
scenarios predicted by the IPCC. He built further upon the stock-specific,
temperature-recruitment relationships described by Planque and Frédou (1999), with
some modifications, and extrapolated these to four global warming scenarios, with
average temperature increases of 1°C, 2°C, 3°C, and 4°C (Figure 17.4). Predictions
were that

...stocks in the Celtic and Irish seas are expected to disappear under predicted
temperature changes by the year 2100, whereas those in the southern North Sea
and Georges Bank will decline. Cod will likely spread northwards along the coasts
of Greenland and Labrador, occupy larger areas of the Barents Sea, and may even
extend onto some of the continental shelves of the Arctic Ocean. In addition,
spawning sites will be established farther north than currently. It is likely that
spring migrations will occur earlier, and fall returns will be later. There is the
distinct possibility that, where seasonal sea ice disappears altogether, cod will
cease their migration. Individual growth rates for many of the cod stocks will
increase, leading to an overall increase in the total production of Atlantic cod in
the North Atlantic.

At the same time, Drinkwater (2005) noted that predicted responses remain highly
uncertain because, apart from temperature, they will also depend on changes to
climate and oceanographic variables, such as plankton production, abundance of
predators and prey, as well as the development of the fisheries.
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Figure 17.4. Expected changes in the abundance of cod stocks, assuming future climate-change
scenarios where the temperature increases by (a) 1°C, (b) 2°C, (¢) 3°C, and (d) 4°C above current
levels. (Reproduced with permission from Drinkwater, 2005.)

Fishery management will have to adapt to account for climate-driven changes in
stock productivity (Cook and Heath, 2005; Keli et ah, 2005; Rockmann et ah, 2007a,
2007b). This will include adjustment of biological reference points (BRPs) that form
the benchmarks for managing fish stocks. For six North Sea stocks, including cod,
Cook and Heath (2005) investigated how a warmer temperature regime might alter
BRPS, including maximum sustainable yield (MSY), rmsy, Bpa, and Fpa by fitting
historical Ricker stock-recruitment relationships with a temperature effect
incorporated (as in Planque and Frédou, 1999). This revealed that, in a warmer
temperature scenario, recruitment would be expected to decrease in three of the six
stocks (cod, plaice (Pleuronectes platessa), and sole (Solea solea)) and to increase in one
stock (saithe); there was no significant temperature effect in the other two stocks
(haddock, whiting). In the case of cod, this implies that management would have to
be based on adjusted BRPs, with lower MSY, rmsy. and Fpaand higher Bpathan would
be the case at a lower temperature regime. Later, Heath (2007a) also incorporated the
positive effect of temperature on growth in the above simulations, as there are some
indications that growth in North Sea cod has increased since 1985 by ca. 0.4% per
decade. However, this effect is so small that, by and large, it would not make up for
the reduced recruitment under the warmer temperature regime. One positive finding
in these simulations was that, with proper management, the MSY is potentially larger
during a warm period than the mean catch in recent years (Cook and Heath, 2005).
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This is because the stock has now been fished well beyond Fmsy for many years,
contributing to its current depleted state. Provided the stock can recover, there is the
potential for a much larger fishery.

Simulation studies on the future management of cod have also been carried out for
the eastern Baltic stock, under projected scenarios of low, medium, or high climate
change (Rockmann ef al., 2007a, 2007b). These studies suggest that productivity is
likely to decrease and that strict management regulations will be required to avoid
stock collapse. This is perhaps best achieved through marine protected areas
coinciding with the “core” cod spawning habitat (Rockmann et al., 2007a) or through
drastic reductions in fishing mortality, although a potential collapse of Baltic cod may
be unavoidable under projected environmental change scenarios (Réckmann et al.,
2007b).

The importance of adjusting BRPs was confirmed by Kell ef al. (2005), who examined
implications of climate change for the management of North Sea cod and, in
particular, the robustness of BRPs to climate change. They demonstrated that climate-
change effects are likely to affect management in the longer term. The implications of
climate change for BRPs depended upon the mechanism through which temperature
acted on recruitment (i.e. on juvenile survival or carrying capacity). Although
biological studies were recommended to identify the likely mechanism through
which climate change affected stock processes, in the absence of this knowledge,
simpler management procedures that are robust to uncertainty about the true
dynamics are needed. They found that BRPs based on stock biomass, such as Bp= and
Bim, are particularly sensitive to climate change and, given high uncertainty, may be
unsuitable as a basis for stock management decisions. In contrast, BRPs based on
fishing mortality (Fps, Fim) were found to be relatively robust to climate change and,
hence, may be more suitable for managing a cod stock where the biomass response to
climate change is not fully understood.

Conclusion on climate effects

The response to climate change of cod, perhaps the most extensively studied among
fish, remains enigmatic but crucially important, given the species’ huge commercial
importance. Landings throughout nearly the entire range of the species have recently
demonstrated marked, and sometimes catastrophic, declines at a time when
temperatures have generally warmed. Within the North Sea, a northward shift in the
mean latitudinal distribution of cod has occurred, but there is much controversy
about the causes: active migrations (now considered unlikely), higher fishing
mortality in the south, local differences in recruitment, or a mixture of these and
other factors.

Experiments have demonstrated that eggs and larvae develop best at specific
temperatures, although this also depends on other factors, such as prey. Recruitment
is related negatively to temperature in populations located more to the south, but
positively in the northern ones, with no significant relationships recorded for some
stocks at intermediate latitudes. Within the North Sea and the Barents and Baltic seas,
recruitment has also been demonstrably linked to copepod zooplankton (in turn,
affected by climate) and, in the Baltic, there are clear links with salinity. Marked
maturity changes have taken place in several cod stocks in recent decades; these have
been attributed partly to climate, partly to selective effects of fishing, and partly to
density-dependent effects through stock depletion. A warmer climate may have had
a subtle, positive effect on growth rates.
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One forecasting study has modelled the possible responses of different cod
populations to future climate-change scenarios projected by the IPCC. For Baltic and
North Sea cod, several authors have studied the implications of projected climate
change for future fishery management. An important point of agreement was that, in
general, fishing mortality needs to be reduced in the short to medium term, while the
potential effects of cdlimate change should be considered in the longer term.
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Red mullet

Georg H. Engelhard, Jim R. Ellis, Doug J. Beare, and John K. Pinnegar

Introduction

This section gives an overview of the general biology and ecology of the striped red
mullet (Mullus surmuletus; order Perciformes, family Mullidae) and reviews the
evidence for changes in distribution and production, and their relationship with
climate change.

General biology

The striped red mullet has a moderately elongated body, steep snout, and two long,
mobile barbels; adult body length is typically 33-37 an (maximum 40 an; Miller and
Loates, 1997). There is some taxonomic confusion between this species and the
common red mullet (Mullus barbatus; note that both species may be referred to as red
mullet), and it is unclear whether or not the latter species occurs in northern
European waters.

It is found along the European coasts from Norway, north Scotland, and the Faroes,
south to the Strait of Gibraltar, into the Mediterranean and Black seas, and along the
coast of northwest Africa to Senegal and the Canary Islands (see references in ICES,
2007d). It is infrequent off Norway, around Ireland, the northeast coast of England,
and western Scotland (ICES, 2007d). It is a so-called Lusitanian species, with southern
biogeographic affinities within the Northeast Atlantic (Knijn ez al, 1993; see Section
19, this volume).

The striped red mullet is a benthic, schooling species. It feeds primarily on benthic
invertebrates (crustaceans and molluscs; ICES, 2007d) and small fish, using its
sensory barbels to locate prey (Miller and Loates, 1997). It is recorded from depths
ranging from 5 to 409 m (Ben-Tuvia, 1990) and seems to prefer elevated temperatures.
It tolerates both low and high salinities (corresponding, respectively, to the habitats
of juveniles and adults) and is rarely found in transition zones of intermediate
salinity. This species prefers sandy sediments (Carpentier et ah, 2005). Its growth rate
is relatively rapid and, during the first two years of life, similar for both sexes;
thereafter, females grow faster than males and at 5 years they are on average ca. 6an
longer than males (Mahe et ah, 2005). In the Northeast Atlantic, males and females
have been estimated to commence reproduction upon reaching a body length of 16.5
and 18 an, respectively (Desbrosses, 1935).

Fisheries

The striped red mullet is a non-quota species of moderate, but increasing, importance
to the fisheries, especially given its high market value. According to ICES statistics,
the main country catching red mullet in the Northeast Atlantic is France (Figure 18.1).
It is a target species for this country and is mainly caught (>90%) by bottom trawlers
using a 70-99 mm mesh (ICES, 2007d).

Exploitation occurs mainly in ICES Subareas and/or Divisions IV, VIld, and e, and
Villa and b, mostly in inshore waters (Figure 18.1b). Over the entire zone, French
catches are the most important (although Spanish catches predominated before ca.
1975). The Netherlands and the UK are also currently important with regard to the
English Channel (Divisions VIld and e) and the North Sea (Division IV), where
catches are concentrated in the south (Division IVb and c). The northern part of the

I 175



176 |

18.4

Resolving climate impacts on fish stocks

Bay of Biscay (Divisions Villa and b) is exploited by France and Spain, whereas the
southern part (Division VIlIc) is exploited only by Spain. Other countries with small
catches include Germany, Scotland, Denmark, and Ireland. For this species, therefore,
three Subareas/Divisions should be considered: IV, VIld and e, and Villa and b.

The species is not discarded by French vessels in the eastern English Channel
(Division VIId) or in the southern North Sea (Division IVc). However, more
investigations on discards by other countries should be carried out in these and the
other areas (ICES, 2007d). This is a relatively high-value species, with a minimum
landing size of 15 an (Dunn, 1999).
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Figure 18.1. Northeast Atlantic red mullet: trends in total landings (a) by country of landing, and
(b) by fishing region (in t). (Data from ICES Fisheries Statistics. French data before 1975, and
Spanish data for 1971 and 1992-1994 possibly incomplete. In (a), "other" includes Belgium,
Ireland, and Denmark.)

Observed changes in production

The majority of global (striped) red mullet landings are taken from the Mediterranean
and Black seas, while a comparatively smaller number are taken from the Atlantic
Ocean. In both regions, international landings have increased substantially from 1950
to 2004 (from 800 to 14500t for both regions combined). Since 1991, global
production has stabilized between 13 000 and 150001 (ICES, 2006k).

Within the Atlantic Ocean, red mullet was, until 1975, only exploited significantly by
the Spanish fleets, along the Spanish coast and in the Bay of Biscay. French landings
commenced in 1975; initially they were mainly in the Bay of Biscay and less so in the
English Channel. However, since approximately 1990, French landings from the
English Channel have increased markedly, making up the majority of all French
landings; French landings from the North Sea have also increased. French landings
from Subarea VIII have generally remained stable or high, especially in 2004 and
2005.

Similarly, UK landings have increased in recent decades; these are mainly taken in
the English Channel, with smaller quantities from the North Sea. The increase, which
has occurred in both regions, has been especially marked from the early or mid-1990s
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onwards. Dutch landings of red mullet from the same fishing regions have
demonstrated a large increase, from (near) zero levels in the 1990s to several hundred
tonnes since 2000 (ICES, 2007d).

These recent landings should also be viewed historically. For example, reported
landings of red mullet in the North Sea between 1905 and 1907 were, on average,

1

20 tyear ', and there have been other intervening periods when red mullet have been

landed in relatively large quantities.

1390 1991 1992 1993

2000 2001 2002 2003

2004 2005 2006 2007 2000

Figure 18.2. Long-term changes in red mullet distribution during winter (Quarter 1) between 1989
and 2008. Colours indicate log (numbers caught h“l) by rectangle, as observed in the North Sea
International Bottom Trawl Survey (1989-2008), in surveys west of Scotland by Fisheries
Research Services, Aberdeen (1989-2007), and south and west of England and Wales by Cefas,
Lowestoft (1989-2004).

Observed changes in distribution

There are indications that red mullet have undergone a northward distribution shift
in recent years. The species was not included in the study by Perry es al. (2005) on
distribution shifts of North Sea fish. However, Beare ef al. (2004) demonstrated that
red mullet is one of several species with southern biogeographic affinities that have
recently become significantly more prevalent in North Sea International Bottom
Trawl Surveys (combined FRS and IBTS databases). For example, within Division
IVDb, it has increased from near absence during surveys between 1925 and 1990 to ca.
0.1-4 fishh between 1994 and 2004 (Figure 4c in Beare et al.,, 2004, 2005).

Within the North Sea, seasonal differences in distribution have been noted in red
mullet, as well as in several other "southern" species that have recently become more
apparent (Figures 18.2 and 18.3). During summer (Quarter 3) surveys, red mullet
have been mainly observed in the warmer, shallower waters of the southeastern
North Sea, from Belgium to the German Bight (Beare er dl, 2004; Figure 18.3). In

I 177



178 1

18.6

Resolving climate impacts on fish stocks

contrast, during winter (Quarter 1) surveys, they have been mainly observed to the
northeast of the British Isles (Figure 18.2); in fact, all red mullet caught during FRS
surveys off Scotland have been taken in Quarter 1, despite extensive sampling in
Quarter 3 (Beare et ah, 2005). It has been postulated that the red mullet observed in
the northern North Sea are part of an increasing southern North Sea population that
migrates northwards in winter, when water temperatures in the south are higher
(Beare et ah, 2005). Moreover, the southern North Sea may well have been colonized
from the eastern English Channel during the first and second quarters of the year,
with nursery areas being established by autumn (Mahe et ah, 2005).

Archaeological excavations have revealed that increased presence of red mullet in the
North Sea is not an entirely new phenomenon. Bones of this and some other warm-
water species, recovered from excavations in Denmark and England, date from
Roman and medieval times (Enghoff, 2000; Barrett et ah, 2004), indicating that, during
previous, historical, warm climatic periods, the species has been more widespread in
northern Europe.

1990 1991 1992

1995

Figure 18.3. Long-term changes in red mullet distribution during summer (Quarter 3) between
1989 and 2008. Colours indicate log (numbers caught h*) by rectangle, as observed in the North
Sea International Bottom Trawl Survey (1997-2008), in surveys west of Scotland by Fisheries
Research Services, Aberdeen (1991-2008), and south and west of England and Wales by Cefas,
Lowestoft (1989-2008).

Processes underlying observed changes

Given the warm-water affinities of the red mullet, the very marked increase in
landings of this species in recent years might be partly explained by a northward
distribution shift or increased abundance in northern parts of the distribution range.
For the North Sea, this possibility appears to be confirmed by the long-term study of
Beare er ah (2004, see Section 18.5). For the eastern English Channel, survey catch per
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unit of effort (cpue) from 1988 to 2006 demonstrated large fluctuations and, although
indicative that the year 2003 constituted the best recruitment, did not show a dearly
increasing trend (ICES, 2007d).

In the English Channel, the red mullet has been an important bycatch species for
many years. From 1980 to 1985, the UK price at first sale was ca. £2.40 kg, but since
1986, red mullet has fetched in excess of £4 kg (Dunn, 1999). Hence, more-targeted
fishing in recent years may have contributed significantly to the increased landings.
Also, red mullet are probably no longer being discarded by either the English (Dunn,
1999) or the French (ICES, 2007d) trawl fleets. Furthermore, restrictions in the quotas
of other species might have redirected fishing effort towards this species (Dunn,
1999). In many aspects, these changes are similar to those in John dory (Zeus faber),
where significantly increased landings and (to a lesser extent) redirected fishing effort
have also occurred in response to northward distribution shifts (see Section 19).

Conclusion on climate effects

The red mullet is a highly relevant case study in the context of climate change and
fishery management because of: (i) the high market value of this non-quota species
and its potentially increasing presence in northern parts of its distribution range in
response to warming climate; and (ii) the likelihood of a more targeted fishery for the
species in future. It is noteworthy that this species has a relatively high growth rate
and a planktonic egg life-phase, which may make it more capable of rapidly
responding to climate warming by colonizing new habitats. The availability of
historical data for the species will allow analyses of longer-term datasets to be
undertaken, which could shed light on the extent to which northward range
expansions of red mullet are a phenomenon common to warmer periods or specific to
the significant warming that is currently taking place.
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John dory

Georg H. Engelhard, Jim R. Ellis, Doug J. Beare, and John K. Pinnegar

Introduction

This section gives an overview of the general biology and ecology of the John dory
(Zeus faber, order Zeiformes, family Zeidae) and reviews the evidence for changes in
distribution and production, and their relationship with climate change.

General biology

The John dory is a distinctive fish with a veiy deep, laterally compressed body, a
large head, and highly protrusible jaws. It has 9-11 long dorsal spines, which, in
older fish, may have very long filaments attached (Miller and Loates, 1997). On each
side of the body, which is yellow-brown to grey, a large black spot is visible, which
has led to its vernacular name "St Peter's fish".

In the eastern Atlantic, the John doiy is distributed from Norway to South Africa and
also in the Mediterranean and Black seas (Karrer and Post, 1990). The species is also
widely distributed in the western Pacific (from Japan and Korea to Australia and
New Zealand) and is known from the Indian Ocean, although populations outside
the Atlantic have previously been regarded as separate species. Within the Northeast
Atlantic, the John doiy is regarded as a Lusitanian species, i.e. of a southern
biogeographic affinity (Ellis es al, this volume), and even within the eastern
Mediterranean, the species is associated with warmer water temperatures
(Maravelias et al,, 2007).

John dory are found close to the seabed at depths of 5-400 m and are generally
solitary. They feed mainly on schooling bony fish, cephalopods, and crustaceans
(Bianchi et al., 1993). Ontogenetic shifts in their diets have been reported off Portugal
and northwest Spain, where younger John doiy preyed primarily on invertebrates,
with larger individuals consuming more fish, including pelagic teleosts (Velasco and
Olaso, 1998; Silva, 1999). As a slow-swimming fish, John doiy usually stalk their prey
and suck it in by the sudden protrusion of the mouth (Miller and Loates, 1997).

Reproduction takes place at the end of winter and at the start of spring in the
Northeast Atlantic, but earlier in the Mediterranean. The eggs are pelagic, and
maturity is reached ca. age 4 (FishBase, 2007). The fish are sexually dimorphic; in the
English Channel, mean length-at-maturity was estimated at 26 an for males and
34.5 cm for females (Dunn, 2001).

Fisheries

John doiy is highly regarded as a food fish and is of commercial importance because
of its high price in fish markets. Although traditionally not targeted in fisheries, this
species is an important bycatch in various trawl fisheries of the Northeast Atlantic. In
recent years, motivated partly by increased abundance of this high-value, non-quota
species, some fishing vessels in the southwest UK have modified nets (e.g. increased
headline height) to maximize catches of John dory. Despite its high price, very little
research on the fisheiy has been done, although Dunn (2001) desaibed the
exploitation of John dory around England and Wales.

In terms of John doiy landings from the Northeast Atlantic, France and Spain are the

most important countries, landing on average 43% and 29%, respectively, of the total
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nominal catch between 2000 and 2005. The remaining nominal catches were landed
by Portugal (11 %), the UK (9%), and Ireland (8%).

Within the Northeast Atlantic, by far the most important fishing region is Subarea
VII, where approximately 68% of the catch is taken (mainly in Divisions Vlle and
VIIh). Relatively large fractions of the total catch of dory are also taken from the Bay
of Biscay (Subarea VIII: 10%) and the Spanish and Portuguese coasts (Subarea IX:
20%). Few dories are landed from northern subareas, including the North Sea
(Subarea IV: 0.2%), west of Scotland (Subarea VI: 1.4%), and off the Azores (Subarea
X: 0.4%).

Observed changes in production

Between 1978 and 2005, international landings of Northeast Atlantic John dory have
quadrupled: from <1000t in 1978 to ca. 4000 t in 2005 (Figure 19.1a; ICES Fisheries
Statistics). This increase in landings appears to have occurred in at least four of the
five countries that regularly land John dory (with the possible exception of Portugal;
see Figure 19.1). In relative terms, the increases in landings appear more marked for
the “northern” countries (fivefold for the UK and 300-fold for Ireland between the
early 1980s and 2000s) than for the “southern” countries (e.g. 2.7-fold for France and
1.3-fold for Portugal). Earlier (pre-1983) data were lacking for Spain, and pre-1978
data were lacking for France.

Furthermore, increases in landings have occurred in each of the major subareas
where John dory are caught (Figure 19.1b). Throughout the period, Subarea VII has
maintained the highest catches of John dory.

For the UK, Dunn (2001) examined trends in both quantities and values of the
landings in more detail. Since 1980, the importance of exploitation of John dory
within the UK has risen sharply. Not only have total landings increased from 46 t in
1980 to 148t in 1997, after a peak of 287t in 1995 (Dunn, 2001), but the price has
increased sharply, from £1.59 kg in 1980 to £4.68 kg in 1997 (Dunn, 2001), and to
£496 kg™ in 2001 (Parker-Humphreys, 2004). Hence, the total value of annual
landings rose approximately tenfold from approximately £70000 in 1980 to more
than £1 million in 1995, and to ca. £690000 in 1997 (Dunn, 2001). The relative
importance of John dory compared with other species has also increased (Dunn,
2001); from the mid-1980s to the mid-1990s, the value of total demersal fish landed in
England and Wales increased 1.5-fold, while that of John dory increased more than
sixfold. After Dunn’s (2001) study, UK landings of John dory have somewhat
stabilized and remained at high levels (>270 t year'; Figure 19.1a). To some extent,
this has been the result of small, but increasing, quantities being landed in Scotland
(e.g. 66t in 2005).
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Figure 19.1. Northeast Atlantic John dory: trends in total landings (a) by country of landing, and
(b) by fishing region (in t). Early French (pre-1978) and Spanish (pre-1984) landings data possibly
incomplete. (Data from ICES Fisheries Statistics.)
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Figure 19.2. Fong-term changes in John dory distribution during winter (Quarter 1) between 1989
and 2008. Colours indicate log (numbers caught tr) by rectangle, as observed in the North Sea
International Bottom Trawl Survey (1989-2008), in surveys west of Scotland by Fisheries

Research Services, Aberdeen (1989-2007), and south and west of England and Wales by Cefas,
Fowestoft (1989-2004).
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19.5 Observed changes in distribution

Heessen (1996) analysed time-series data from North Sea International Bottom Trawl
Surveys (IBTS) for the period 1970-1993 and reported that John dory was among four
“southern” species that demonstrated a remarkable increase in the southern North
Sea from the late 1980s until the end of the period examined (1993). In a more recent
study, Beare et al. (2004) analysed a longer time-series (1925-2004; combined IBTS
and Scottish FRS survey data) and confirmed that the John dory is among a number
of “southern” species whose abundance in the North Sea increased markedly from
the 1990s to the early 2000s. (In addition, John dory demonstrated a smaller peak in
the mid-1950s.)

Although Beare ef al. (2004) reported that John dory were only observed in the far
northern parts of the North Sea in both winter and summer, increased abundance in
the southern North Sea, coinciding with its northern prevalence, was described by
Heessen (1996). We have extended the time-series of Beare et al. (2004) on John dory
distribution (Figures 19.2 and 19.3), confirming significantly increased abundance
from the 1990s to 2000s, but also revealing wide seasonal distribution differences,
akin to those observed in red mullet (Beare et al., 2005; Engelhard et al., this volume).
In winter (Quarter 1; Figure 19.2), John dory were far more widespread than during
summer (Quarter 3; Figure 19.3), both in the North Sea and west of Scotland. It
appears that the species enters the North Sea through both the northwestern influx of
Atlantic Water and (possibly to a lesser extent) the influx of warmer waters from the
English Channel.

ICES (2006n) examined the temporal changes in the spatial distribution of John dory
in international groundfish surveys (Figure 19.4), which suggested that catches of
John dory in fishery-independent surveys had increased, especially along the
southwest and west coasts of the British Isles and along the west coast of France.



184 |

19.6

Resolving climate impacts on fish stocks

(1] B Tt \ [\ ®
1
1] [14] 4] 4]
-t y
- .« 1
1] -@

Figure 19.3. Long-term changes in John dory distribution during summer (Quarter 3) between
1989 and 2008. Colours indicate log (numbers caught h 1) by rectangle, as observed in the North
Sea International Bottom Trawl Survey (1997-2008), in surveys west of Scotland by Fisheries
Research Services, Aberdeen (1991-2008), and south and west of England and Wales by Cefas,
Lowestoft (1989-2008).

Processes underlying observed changes

The major increases in John dory landings in western Europe may well be explained
by a combination of climatic warming and factors directly related to the fisheries. To
our knowledge, there are no time-series on growth, recruitment, or mortality changes
for the species. Given that this is a "southern" species, with warm-water affinities, a
northward distribution shift or increased abundance in northern parts of the
distribution range is to be expected in response to climate change. Indeed, the
dramatic increase in John doiy landings in the 1990s started when the NAO index
began its increase and sea temperatures underwent a general rise (Ottersen et ah,
2001; Hughes et ah, 2009). Similar patterns have also been suggested for related
species in the Bay of Biscay and Celtic Sea regions, including sailfin dory (Zenopsis
conchifer; Quigley and Flannery, 1995; Quéro, 1998) and boarfish (Capros aper;
Blanchard and Vandermeirsch, 2005).

As was the case for red mullet (Mullus surmuletus;, Engelhard et ah, this volume), this
possibility appears to be confirmed for the North Seaby analyses of long-term survey
data (Heessen, 1996; Beare et ah, 2004); no such analyses could be identified for other
fishing regions. John doiy is likely to have become increasingly prevalent in the
North Sea as a result of increased influx of warm Atlantic Water via both the
northwest (north of Scotland; Beare er ah, 2004) and the southwest (English Channel;
Corten and van de Karnp, 1996; Heessen, 1996). According to Corten and van de
Karnp (1996), their increase, at least in the southern North Sea, does not reflect a long-
term trend, but may be explained by temporary increases in southerly winds,
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resulting in increased transport of southern fish species into the North Sea, and
favourable temperature conditions during winter.

At the same time, changes within the demersal fisheries may have contributed to
sharply increased landings. The strong increase in market price and its status as a
non-quota species may have made the John dory increasingly attractive and, to some
extent, may have led to more targeted fishing. Furthermore, recent declines in
various “traditional” fish stocks, such as cod (Gadus morhua), sole (Solea solea), and
plaice (Pleuronectes platessa), have led to very restrictive catch limits (total allowable
catches, or TACs) for these species. As a result, fishing effort is likely to have been
increasingly redirected towards species with no such restrictions, such as John dory
(Dunn, 2001).

Conclusion on climate effects

The John dory presents a highly relevant case study in the context of climate change
for reasons comparable with the red mullet: the likelihood of increasing northern
presence in response to climatic warming, high market value, and, especially given
less fishing opportunities for other species, probably more targeted fisheries and
increasing potential importance to the economy in the near future.
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Figure 19.4. Distribution of John dory during six periods using combined international demersal
surveys. Surveyed area (shaded grey) and increasing catch rates (colour-coded from green to
yellow to red). (From ICES, 2006n.)
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Adriaan D. Rijnsdorp and Henk W. van der Veer

Introduction

This section reviews knowledge of the plaice (Pleuronectes platessa;, order
Pleuronectiformes, family Pleuronectidae), with particular reference to the effects of
climate change. It starts with an overview of the general biology and ecology, which
are relevant to understanding the possible impact of climate change, and then
reviews the evidence for changes in distribution and production in relation to

climate.

General biology

The plaice is a Boreal species that is distributed in the temperate waters of the eastern
Atlantic between the Bay of Biscay in the south and the Barents Sea in the north and
between the western Baltic in the east and Iceland in the west (Wimpenny, 1953).

The life cycle of the plaice begins with the developing pelagic eggs and larvae, which
drift passively until they arrive in the coastal zone, where the larvae metamorphose,
aggregate, and settle in so-called "nursery" grounds. These consist of shallow sandy
bays, larger sandy beaches, and estuarine areas. After a juvenile stage of a few years,
they migrate to deeper waters, where they join the adult stock and start to reproduce.

The spawning grounds of plaice reflect the distribution of the shallow nursery
grounds in the sandy bays, larger sandy beaches, and estuarine areas. In areas with
isolated nursery grounds, spawning may take place in coastal waters and bays,
where circular current systems (eddies) entrain the pelagic eggs and larvae. In the
English Channel and southern North Sea, spawning occurs over a large offshore area,
from whence the eggs and larvae drift on currents towards the extensive nursery
grounds along the continental coasts of Belgium, the Netherlands, Germany, and
Denmark.

Size classes demonstrate distinct distributions. Small juveniles occur in shallow
coastal waters and estuaries, but, as they grow, the fish gradually move offshore.
Adult fish are restricted to deeper water. In the North Sea, spawning/feeding
migrations occur along a north-south axis. The distances travelled increase with fish
size (Rijnsdorp and Pastoors, 1995; Hunter et al, 2003, 2004). Tagging experiments
have distinguished several spawning populations that mix during the summer
feeding season and separate during spawning (de Veen, 1978a). Despite the
occurrence of separate subpopulations of plaice within the geographic distribution
area, analysis of microsatellite data revealed no significant distinction among
populations along the continental coast between the Bay of Biscay in the south and
the Lofoten area in the north. Only plaice from the Faroes and Iceland demonstrated
a small but significantly different pattern (Hoarau et al.,, 2002, 2004).

Spawning occurs from December to March in the English Channel and southern
North Sea (Houghton and Harding, 1976; Harding et al, 1978) and around March in
the Irish Sea and Iceland (Simpson, 1959; Fox et al, 2000a; Solmundsson et al., 2003).
Eggs occur in water with a temperature between 4°C and 11°C (Harding et al, 1978;
Heessen and Rijnsdorp, 1989; Fox et al, 2000a). In the North Sea, larval plaice may
immigrate to coastal waters and settle on tidal flats as early as late February, when
water temperatures are close to the seasonal minimum of 2-4 °C.
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The temperature tolerance range of eggs is 0-14°C, with a mean temperature of 7°C
(Johansen and Krogh, 1914). The temperature tolerance range of age-0 plaice is 2-
20°C. Egg development to the end of stage V is inversely related to prevailing water
temperature and ranges from ca. 1d at 3°C to ca. 9d at 12°C (Ryland et al, 1975; Fox
et al., 2003). Larval development from hatching until settlement varies from ca. 168 d
at 2°C to 36d at 10°C (Talbot, 1977). No information is available on the impact of
salinity and low oxygen conditions on larval development. Growth rate of age-0
plaice increases from a minimum of 0.0l mm d at 2°C to a maximum of 0.8 mm d
at ca. 18-20°C, but growth rate decreases at higher temperatures (Fonds ef al, 1992).
Upper lethal temperature is in the order of 26-27°C (Waede, 1954). The optimum
temperature for growth decreases with body size, which may explain the ontogenetic
shift in distribution.

Successful fertilization is variable and low at salinities <12psu, increasing to almost
100% at 15 psu (Nissling et al, 2002). A minimum salinity of ca. 15 psu is required for
eggs to remain neutrally buoyant in the plankton. Juvenile plaice can be found over a
salinity range of 15-35 psu (Riley et al,, 1981; Jager et al, 1993). Oxygen conditions are
critical below a level of 1.69 mg h 1(LDso) for newly metamorphosed plaice (de Silva
and Tytler, 1973).

Fisheries

Most of the plaice landings occur in the North Sea and adjacent eastern English
Channel and Skagerrak (Figure 20.1), where they are taken as a bycatch in the mixed
demersal trawl fisheries. Major plaice landing countries are the Netherlands, UK, and
Denmark.

In the North Sea, plaice has been exploited heavily since the late 19th century
(Bannister, 1978; Rijnsdorp and Millner, 1996). Since the 1960s, plaice has been mainly
landed by the beam-trawl fisheiy targeting sole (Solea solea) with small-mesh (80 mm)
codends. As a result, large numbers of undersized plaice are caught and discarded
(Pastoors et al, 2000). The survival chances of the discards are veiy low (van Beek er
al, 1990). Large numbers of small plaice are also killed in coastal fisheries for brown
shrimp (Crangon crangon; Rauck and Zijlstra, 1978; Berghahn er al, 1992). Although
the introduction of separating panels and sorting equipment will certainly have
reduced the negative impact on the recruitment of plaice (Boddeke, 1980), no
quantitative information is available.
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Figure 20.1. Trends in plaice landings (in t) by management area (ICES areas). 11=Barents Sea;
I1lb, ¢, and d =Baltic; Illa =Skagerrak; IV =North Sea; V =Iceland; VI=northwest of Scotland;
VII =Celtic Sea and English Channel; VIII =Bay of Biscay; and IX =Portugal.
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Landings in the North Sea (Subarea IV) and adjacent areas were relatively high in the
1980s, but have since decreased (Figure 20.1). Landings in the southern part of the
distribution area have decreased since the late 1980s (Figure 20.2, left panel).
Landings around Iceland (Subarea V) demonstrated a similar pattern, with a rich
period in the 1980s, as in the North Sea, whereas landings in the Barents Sea varied
without a trend (Figure 20.2, right panel).

For the North Sea, trends in landings can be analysed over a longer time-scale (Figure
20.3). Until the 1950s, annual landings varied around 50 0001, with the exception of
the war years (late 1930s to mid-1940s). In the 1950s, landings steadily increased to a
level of ca. 1500001, three times higher than the average level in the first half of the
20th century. Since 1990, landings have decreased to the level of the pre-war years.
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Figure 20.2. Trends in landings of plaice in ICES Subareas. Left panel: southern areas (VIII =Bay
of Biscay; IX=off Portugal. Right panel: northern areas (Il =Barents Sea; V =Iceland and Faroe;
VI =West of Scotland).
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Figure 20.3. Trends in plaice landings from the North Sea. (From Rijnsdorp and Millner, 1996;
ICES, 20061.)

Observed changes in distribution

Although spawning locations in the eastern English Channel and southern North Sea
demonstrate a remarkable stability over several decades, the number of eggs
produced has varied among spawning locations (Harding et al, 1978). Since the mid-
1950s, egg production has been higher in the German Bight (Biickmann, 1961;
Heessen and Rijnsdorp, 1989) and the western English Channel (Harding et al., 1978),
reflecting a relative increase in the local spawning population.

Beam-trawl survey data indicate that the catch rate has declined in the 1990s in the
southern North Sea, but not in the central North Sea. Anecdotal information suggests
an increase in the catch rate of the substock in the Moray Firth. No change in mean
latitude was observed in the English groundfish survey data between 1977 and 2001,
although an increase in mean depth was observed (Perry ef al, 2005). However, the
abundance of prerecruits has declined with increasing temperatures in the Bay of
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Biscay nurseries (Désaunay et al, 2006). A shift in the depth distribution of young
plaice was reported for the 1990s, whereas a shift to deeper waters of larger plaice
(20-39 cm) was already apparent before the 1980s (van Keeken er al, 2007). The
change in distribution is illustrated in Figure 20.4, which compares the typical age-1
distribution patterns of the period before 1990 (left panel) and in the early 2000s
(right panel).
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Figure 20.4. Changes in the September distribution of age-1 plaice in the prerecruit surveys of
IMARES between 1990 (left panel) and 2002 (right panel). Note that all age-1 plaice have left the
Wadden Sea. (From Grift et al., 2004.)

Processes underlying changes

20.6.1 Productivity

Changes in productivity may be the result of changes in recruitment and/or growth.
The threefold increase in landings in the North Sea was governed by an increase in
both recruitment and growth rate (Rijnsdorp and Millner, 1996). Rijnsdorp and van
Leeuwen (1996) suggested that the increase in growth rate of size classes up to 35 cm
during the 1960s and 1970s was probably the result of the increase in productivity of
the benthic system in response to increased nutrient loading (Rachor, 1990; Beukema
et al, 2002) and seabed disturbance (Rijnsdorp and van Beek, 1991). However, the
effect of trawling on benthic productivity remains controversial (Jennings et al, 2001a,
2002b; Hiddink et a/, 2006b, 2008b). On top of the general increase, a temporary
density-dependent reduction in growth rate was observed in year classes that were
exceptionally strong (Rijnsdorp and van Leeuwen, 1996).

Since the late 1980s, growth rate has declined in several plaice and sole stocks
(Millner et al, 1996), and may be related to a decline in productivity of the benthic
system (Rijnsdorp et al, 2004). No study has yet attempted to analyse the observed
changes in relation to variations in ocean climate, river discharges, and food
requirements of the benthivorous fish. A decrease in benthic productivity of coastal
waters may be expected in response to the decrease in nutrient discharges (dissolved
inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP): Boddeke and Hagel,
1995; Philippart et al, 2007b). Growth of age-0 plaice is affected by temperature
during the growing season. The effect is positive in the first few months after
settlement but may become negative during warm summers, when temperature may
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increase above the optimum level (Teal ef al., 2008; van Keeken et al., 2007). No
relationship between temperature and the growth rate of larger size classes could be
found, although this may be attributed to the lack of any accurate estimate of ambient
temperature (Rijnsdorp and van Leeuwen, 1996). The onset of sexual maturity is
affected positively by both growth rate and temperature (Rijnsdorp, 1993a).

20.6.2 Recruitment

Recruitment variations are mainly driven by variations in mortality during the
pelagic egg and larval stage, as age-0 numbers in autumn are already significantly
related to the strength of the year class recruiting to the fishery (van der Veer et 4l.,
2000). In the North Sea, egg mortality increases with temperature (van der Land,
1991) and year-class strength is negatively related to water temperature during the
spawning period (van der Veer and Witte, 1999; van der Veer et al., 2000). The
number of settling plaice larvae at the Balgzand intertidal was negatively related to
median temperature during larval drift, both within and across years (van der Veer et
al., 2009).

The higher survival during colder winters is probably related to the temperature
sensitivity of predators, which respond more strongly to a decrease in temperature
than developing eggs and larvae (van der Veer et al., 2009). This may apply to
predation during the pelagic phase as well as predation during the early demersal
stage. During the first weeks after settlement, post-larval plaice suffer high predation
mortality from shrimp (van der Veer et al., 1990). After a cold winter, the shrimp
delay their return to the tidal flats (Boddeke, 1976; Beukema and Dekker, 2005),
enhancing the survival probability of age-0 plaice. Temperature may also affect the
transport of the pelagic egg and larval stages and, hence, influence larval supply to
the coastal nursery grounds (van der Veer et al., 1998; Bolle et al., 2009).

Recruitment of plaice is positively correlated among different stocks and negatively
correlated with sea surface temperature, which is consistent with the hypothesis that
the temperature effect is caused by changes in predation on planktonic stages (Fox et
al., 2000b). There is no evidence that the recruitment—temperature relationship differs
between stocks in the southern and northern parts of the distribution area, although
data for the most northern (Barents Sea) and southern stocks (Bay of Biscay) are
lacking. Recruitment time-series demonstrate a favourable period in the mid-1980s
and a less favourable period in the 1990s (Figure 20.5). No trends in recruitment are
evident, except perhaps for a decreasing trend in the Irish Sea (Division Vlla). It
should be noted that analyses of recruitment time-series estimated from commercial
landings may underestimate true recruitment because discards are not included in
the analysis. Only in North Sea plaice did the analysis include discards.

The timing of spawning is slightly advanced in warm winters (Rijnsdorp and
Witthames, 2005; Teal et al., 2008). Differences in transport have been observed
between cold years, when atmospheric conditions were characterized by
predominantly easterly winds, and normal years, when westerly winds were
dominant (Talbot, 1978). Hydrodynamic models suggest that there may be large
variations in the transport of pelagic stages from offshore spawning grounds to
inshore nursery grounds (van der Veer et al., 1998; Bolle et al., 2009). Survival of age-0
plaice may be affected by UV-B radiation during the period when they inhabit tidal
pools (Berghahn et al., 1993).
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20.6.3 Distribution

The change in depth distribution of plaice, as reported by Perry ef al. (2005) and van
Keeken et al (2007), is probably related to the observed increase in water
temperature. Experimental work demonstrated that, at temperatures above 20°C,
growth rate declines abruptly, possibly as a result of thermally limited oxygen
delivery, as demonstrated in eelpout (Zoarces viviparus, Portner and Knust, 2007). The
exodus of age-0 plaice from the tidal flats on days when temperature increases above
27°C (Berghahn, 1984) is consistent with an avoidance response when temperature
exceeds the thermal maximum (Waede, 1954). There is evidence that plaice suffer
from a greater mortality rate in cold winters, when seabed water temperatures
decrease to values around 1-3°C (Woodhead, 1964b, 1964c).
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Figure 20.5. Normalized time-trends in age-1 recruitment in different plaice stocks (ICES areas):
Vila =Irish Sea; VI1If and g =Celtic Sea; IV =North Sea; and Vile =western English Channel.

20.7 Conclusions

Climate change is expected to have negative effects on the quality of the shallow
nursery grounds in the southern parts of the distribution range of plaice, where
summer water temperatures may exceed temperature tolerance limits. Although
plaice may respond by moving into deeper and cooler waters, this may negatively
affect their survival, as they are likely to be exposed to higher levels of predation and
fishing mortality. As nursery grounds appear to be of crucial importance in plaice
production, a further decrease in productivity of the southern populations may be
expected. How climate change may affect survival of the pelagic stages and transport
between spawning areas and nursery grounds remains to be studied. The response of
plaice will further depend on the impact of climate change on the productivity of
benthic food.
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Sole

Adriaan D. Rijnsdorp

Introduction

This section reviews knowledge of the common sole (Solea solea; order
Pleuronectiformes, family Soleidae), with particular reference to the effects of climate
change. It starts with an overview of the general biology and ecology, which are
relevant to understanding the possible impact of climate change, and then reviews
the evidence for changes in distribution and production in relation to climate.

General biology

The sole is a Lusitanian species (Ellis ef al, this volume, Section 2) with a distribution
areca that extends from the northwest African coast and the Mediterranean in the
south to the Irish Sea, southern and south-central North Sea, Skagerrak, and Kattegat
in the north. Sole occur in small numbers around Scotland and Ireland and
occasionally along the south coast of Norway (Wheeler, 1969; W hitehead et al, 1984-
1986).

The temperature tolerance of sole was found to increase during the embryonic and
larval stages (Irvin, 1974; Fonds, 1979). Embryonic stages were notably stenothermal
in relation to the generally eurythermal larval stages, although tolerance continued to
increase during larval development up to the period of metamorphosis. Successful
full-term incubation of Stage 1A eggs was predictable between 7°C and 16°C, but
successful first feeding of larvae hatched from these eggs was only obtained over a
narrower range of 12-16°C. For Stage 5 larvae, the absolute tolerance range was 20-
23°C (Irvin, 1974; Fonds, 1979). For age-0 juveniles, growth rate was almost zero at
6°C and increased to a maximum at ca. 25°C (Fonds and Saksena, 1977). For adult
sole, the minimum temperature was ca. 3°C. When sole were exposed to
temperatures below 3°C for a prolonged period, physiological functions, such as
osmoregulation, were impaired and mortality increased (Woodhead, 1964b, 1964c).
The salinity tolerance range of eggs was 20-40 psu (Fonds, 1979).

Sole spawn in late winter and spring. The peak in the spawning period shifts from
late February or early March in the Bay of Biscay (Arbault e al, 1986) to late May in
the southeastern North Sea (Rijnsdorp ef al, 1992) and mid-May in the Irish Sea (Fox
et ah, 2000a). In the North Sea, spawning is triggered by seawater temperature (ICES,
1965b) and the peak in egg production is advanced in a warm spring (van der Land,
1991; Greve et ah, 2004; Rijnsdorp and Witthames, 2005). In the Bay of Biscay and
Bristol Channel, seawater temperature does not seem to affect the timing of spawning
(Koutsikopoulos and Lacmix, 1992; Florwood, 1993). In most areas, spawning takes
place in coastal waters, except in the western English Channel, Bristol Channel, and
Bay of Biscay (ICES, 1986; Riley, 1986; van der Land, 1991; Florwood, 1993), where the
main spawning activity occurs offshore (Koutsikopoulos and Lacroix, 1992). In all of
the areas studied, the ambient temperature was between 9°C and 11°C for the egg
phase, 10°C and 15°C for larvae (Koutsikopoulos and Lacroix, 1992; van der Land,
1991; Rijnsdorp and Vingerhoed, 1994). At these temperatures, larvae hatch after ca.
7-8 d (Riley, 1974; Fonds, 1979). Salinity of spawning areas is ca. 34.5-35.5 psu in the
Bristol Channel (Florwood, 1993) and >32 psu in the Bay of Biscay (Koutsikopoulos
and Laci'oix, 1992). Larvae settle at the bottom during metamorphosis at a length of
7-10 mm and ca. 3wk after hatching (Fonds, 1979). The duration of the planktonic
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phase is determined by the ambient temperature, but is normally ca. 4 wk. During the
planktonic phase, the eggs and larvae are exposed to residual currents. As the
duration of the planktonic phase is relatively short, the surviving post-larval sole
usually settle close to the spawning area.

Nursery areas are confined to shallow sandy or muddy coasts, with a substratum
characterized by a particle size of 400-500 um and a depth of <20 m, although
juveniles are most abundant at depths of <10m (Deniel, 1981; Riley et al., 1981;
Koutsikopoulos et al., 1989; van Beek et al., 1989; Rogers, 1989, 1992; Marchand, 1991).

The mechanism by which the metamorphosing larvae reach their nursery areas is not
well established. Marchand and Masson (1989) speculated that they carry out passive
but selective movements using bottom currents to reach the coastal nursery grounds,
as described for other flatfish species (Creutzberg et al., 1978; Rijnsdorp et al., 1985;
Boehlert and Mundy, 1988). This hypothesis is supported by the observation of
Berghahn (1984) that post-larval sole were heading to the ebb current in drainage
gulleys of the tidal flats of the German Wadden Sea (positive rheotaxis). However,
Koutsikopoulos et al. (1991) could find no evidence of selective tidal-stream transport
in larval sole in the Bay of Biscay and suggested that they reached the coastal nursery
grounds by diffusion.

Nursery grounds are believed to play a crucial role in the population dynamics of
sole (Rijnsdorp et al., 1992), a phenomenon that may apply to other flatfish species
(Gibson, 1994; van der Veer et al., 2000). The quality of the coastal nurseries may vary
according to the availability of benthic food, density of predators, and negative
anthropogenic impacts, such as pollution (Amara et al., 2007). Sole populations may
occur in areas where pelagic habitat, suitable for the survival of eggs and larvae, co-
occurs with suitable nursery areas and where mechanisms are available for egg and
larval transport from spawning grounds to nursery areas (Symonds and Rogers,
1995; van der Veer et al., 2000).

During summer, adult sole are most abundant in waters down to a depth of ca. 40 m
(North Sea) or 70 m (Bay of Biscay, Bristol Channel), with a seabed characterized by
fine sediments. In the North Sea, sole are mainly found south of a line running
southwest—northeast from Flamborough Head to the Danish coast. This line
corresponds to a steep temperature gradient that divides the North Sea into a cold,
stratified northern section in summer and autumn (with bottom temperatures of ca.
7°C) and a warm, mixed, southern section (with bottom temperatures as high as
17°C; ICES, 1965b; Rijnsdorp and van Beek, 1991). In autumn, when temperatures
fall, sole leave the shallow coastal areas and migrate to the warmer offshore grounds
(de Veen, 1978b).

In the North Sea, four main spawning grounds can be distinguished: those of the
German Bight, Belgian—-Dutch coast, Thames Estuary, and Norfolk Banks. In the
English Channel, at least two separate spawning grounds occur along the UK coast,
whereas along the French coast, separate spawning grounds occur in the Baie de
Sommes, Baie de Seine, and Baie du Mont Saint Michel. Separate sole populations
occur in the Irish Sea and Bristol Channel (Horwood, 1993; Fox et al., 2000a).

Sole populations clearly differ in biological characteristics. Relative fecundity
increases with latitude, whereas egg size decreases with latitude (Rijnsdorp and
Vingerhoed, 1994; Witthames et al., 1995). It is not known whether these differences
are a reflection of local adaptations or a phenotypic plastic response to different
environmental conditions. However, genetic information reveals a genetic
differentiation among populations that increases with distance (Exadactylos and
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Geffen, 1995; Kotoulas et al, 1995). Tagging experiments of juveniles in a number of
nursery areas in the English Channel and North Sea have demonstrated that each
spawning population is supplied mainly by recruits from the nearby nursery ground
(Rijnsdorp et al, 1992). Tagging experiments in the Bay of Biscay did not show any
particular link between spawning ground and nursery area (Koutsikopoulos et ah,
1989).

Fisheries

Sole is a valuable food fish, taken in both bottom trawls and fixed gear (gillnets,
trammelnets). The species has a nocturnal activity pattern and lives close to the
seabed. As its natural response to approaching gear is to dig into the seabed, the
species is difficult to catch with bottom trawls. Therefore, the exploitation rate was
rather low until the early 1960s, when heavy twin-beam trawling was developed in
the Netherlands and Belgium, and then spread to neighbouring countries (de Veen,
1978b; Horwood, 1993; Daan, 1997). With the introduction of this gear, the
exploitation rate has increased substantially. Main fishing areas for sole are in the
North Sea, Celtic Sea-English Channel, and the Bay of Biscay (Figure 21.1). The main
sole fishing countries are the Netherlands, Belgium, and France (Figure 21.2). Before
the introduction of the beam trawl, sole was taken as bycatch in trawl fisheries and
by static gear.
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Figure 21.1. Trends in landings of sole in different management areas (ICES areas): Illb, ¢, and
d =Baltic; Illa =Skagerrak-Kattegat; IV =North Sea; Via and b =West of Scotland; VII =Celtic Sea
and English Channel; VIII =Bay of Biscay; and IX =Portugal.

Observed changes in production

International annual landings demonstrated an increasing trend since 1974, from ca.
20 000 to 300001 Time-series in separate areas demonstrate that North Sea (Subarea
IV) landings demonstrated a temporary high level in the early 1990s (Figure 21.1). An
increase in sole landings occurred in the northern areas off the west coast of Scotland
(Divisions Via and b), the Skagerrak-Kattegat (Division Illa), and the Baltic
(Divisions Illb, ¢, and d), and also in the Bay of Biscay (Subarea VIII) and the Celtic
Sea-English Channel (Subarea VII). The landings off Portugal suggest a sudden
decrease in 1994, but this may be the result of the inclusion of other sole species prior
to 1994 (Figure 21.2).
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Figure 21.2. Time-trends in landings in ICES Areas. Left panel: southern areas: IX=Portugal;
VIII =Bay of Biscay. Right panel: northern areas: Via and b =West of Scotland; IIIla= Skagerrak-
Kattegat; Il1lb, ¢, and d =Baltic.

Observed changes in distribution

The trends in landings tentatively suggest that the northern limit of sole has shifted
northwards. With increasing landings from the Skagerrak-Kattegat and the west
coast of Scotland, the possibility of the changes being caused by increased fishing
effort cannot be excluded. Perry ez al. (2005), using data collected during English
summer groundfish surveys, demonstrated a southward shift in sole distribution in
the North Sea, opposite to the expected change caused by the increase in
temperature, and suggested that this might be caused by improved environmental
conditions in the rivers. However, as sole is not only confined to coastal areas under
the influence of rivers, this explanation seems unlikely.

In French nursery grounds in the Baie de Vilaine (Bay of Biscay), an analysis of trends
in sole abundance revealed no significant change, apart from irregular interannual
variations. In contrast, two northern, winter-spawning flatfish species, plaice
(Pleuronectes platessa) and dab (Limanda limanda), demonstrated a decline, and the
southern, summer-spawning wedge sole (Dicologlossa cuneata) increased in
abundance (Désaunay et ah, 2006).

Processes underlying observed changes

21.6.1 Productivity

Sole are known to suffer high mortality in winters when the temperature falls below
3°C for a prolonged period (Woodhead, 1964a). Natural mortality in the severe
winter year of 1963 was ca. 60%, compared with 10% during a normal year
(Horwood and Millner, 1998). On the other hand, cold years generally coincide with
good recruitment (see Section 21.6.2). Cold winters, therefore, temporarily decrease
productivity.

Changes in growth rate have been observed in several sole stocks. The increase in
growth rate of North Sea sole in the 1960s and 1970s coincided with an increase in
eutrophication as well as an increase in bottom disturbance caused by beam trawling
(de Veen, 1976, 1978b; Rijnsdorp and van Beek, 1991; Millner and Whiting, 1996;
Rijnsdorp and van Leeuwen, 1996). In the 1990s, a decrease in growth rate was
observed in several sole and plaice stocks, suggesting that changes in growth rate are
governed by broad-scale processes (Millner er ah, 1996). Growth of age-0 sole is
positively affected by temperature. The effect is the result of an increase in both the
growth rate at higher water temperatures and the duration of the growth period (Teal
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et al., 2008). No relationship between adult growth and temperature has been
reported.

In the Bay of Biscay, Le Pape et al. (2003) demonstrated that the quantity and quality
of the nursery area was positively affected by river run-off. In the Mediterranean,
run-off from the River Rhone is positively correlated with sole landings, with a time-
lag of 2 years (Salen-Picard et al., 2002). Darnaude et al. (2004) identified two different
benthic foodwebs off the River Rhone: one based on marine planktonic carbon and
the other based on terrestrial particulate organic matter (POM) carried by the river.
Deposit-feeding polychaetes were responsible for the main transfer of terrestrial
POM to upper trophic levels, linking sole population dynamics to river run-off
fluctuations.

The onset of sexual maturity is positively influenced by growth rate during the
juvenile phase (Mollet et al., 2007) and, thus, will also be influenced by temperature.

21.6.2 Recruitment

Time-series of recruitment derived from virtual population analysis (VPA) do not
indicate any increasing or decreasing trends in normalized recruitment (Figure 21.3).
Recruitment variability in sole stocks increases with latitude (Philippart ef al., 1998).
In southern populations, recruitment is rather stable, but in northeastern populations,
recruitment is more variable, owing to the occurrence of cold winters causing extra
mortality (Woodhead, 1964a, 1964c; Rijnsdorp et al., 1992). When recruitment patterns
of different sole stocks are compared, correlations are found between neighbouring
stocks, but the correlations break down if stocks farther away are compared,
suggesting that local conditions are more important than large-scale processes
(Rijnsdorp et al., 1992).

In the North Sea, strong year classes are produced in years when the spring water
temperature is low, but a low temperature does not guarantee a strong year class. The
effect of temperature on recruitment may be related to the effect on the timing of
spawning. Low temperatures in March delay spawning (van der Land, 1991;
Rijnsdorp and Witthames, 2005). Year-class strength in sole appears to be determined
by autumn of their first year, although a severe winter may increase mortality of
prerecruits (Rijnsdorp et al., 1992; van der Veer et al., 2000) and adults (Woodhead,
1964a). The extent to which recruitment is determined during the pelagic egg and
larval stages, or during the early demersal stage, is unknown. In sea areas more
strongly influenced by the Atlantic Ocean, there is no indication that recruitment is
negatively related to winter temperature. On the contrary, in the Bristol Channel
(Subareas VIIf and g), recruitment appears to be positively related to both water
temperature and growth rate. High temperatures allow faster development, and a
positive North Atlantic Oscillation (NAO) index increases productivity and offers
more food. Both of these positive influences act to reduce mortality, resulting in
stronger year classes (Henderson and Seaby, 2005).

Recruitment to a local stock is significantly correlated with the size of the available
nursery grounds (Rijnsdorp et al., 1992). In the Bay of Biscay and the northwestern
Mediterranean Sea, recruitment, as well as the size of nursery grounds, varies in
relation to run-off of the major rivers (Salen-Picard et al., 2002; Le Pape et al., 2003;
Darnaude et al., 2004).
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Figure 21.3. Normalized time-trends in age-1 recruitment of sole stocks in ICES Areas: VIIf and
g =Bristol Channel; VIII =Bay of Biscay; IV =North Sea; and V1ld =eastern English Channel.

21.6.3 Distribution

Sole avoid low temperatures and, in autumn, demonstrate an offshore migration to
deeper and warmer waters (de Veen, 1978a). In severe winters, when temperatures of
shallow waters decrease to lethal levels (<3°C), sole concentrate in deep pits in the
western North Sea (Woodhead, 1964c; Horwood and Millner, 1998).

21.7 Conclusion

Climate change is expected to affect sole populations through a number of different
mechanisms. The most important environmental factors involved are temperature
and river run-off. Warmer conditions will improve the survival of demersal stages
because the probability of high winter mortality caused by cold winters will decrease.
This will apply particularly to northern areas characterized by a relatively large
temperature range. The timing of spawning will be advanced, particularly in areas
such as the North Sea, where the range of the seasonal cycle in water temperature is
relatively large, resulting in a longer growth period for age-0 fish. In combination
with higher temperatures during the growth period, this will result in a higher
growth rate. In sea areas such as the Mediterranean and Bay of Biscay, where the size
and quality of the nursery grounds are affected by river run-off, changes in rainfall
and river run-off will affect recruitment and growth.

How climate change will affect the pelagic life stages and their transport to the
coastal nursery grounds remains to be studied. The temperature tolerance limits of
eggs and larvae suggest that an increase in temperature will have no significant
impact. The above conclusions are uncertain, because the potential effects of an
increase in temperature on the productivity of pelagic and benthic food are unknown.
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Brown shrimp

Mare Hufnagl and Axel Temming

Introduction

This section reviews the stock development of the commercially exploited brown
shrimp (Crangon crangon; phylum Crustacea, order Decapoda, infraorder Caridea,
family Crangonidae). The focus is on recent changes observed in the North Sea stock
and the direct and indirect roles that climate-driven changes in temperature may
have on the productivity and distribution of this shrimp via habitat alteration and
changes in key predator populations.

General biology

The brown shrimp inhabits shallow coastal and estuarine areas and is distributed
from Iceland in the north (Gunnarson et al, 2007) to Spain (Cuesta et al, 2006) and the
north coast of Africa in the south. It tolerates a wide range of salinity levels, although
it is unable to reproduce in waters with a salinity of <5 psu. It is found in near-
freshwater habitats (Gelin es al, 2001), in estuarine areas, such as the Baltic Sea
(Lapinska and Szaniawska, 2006), and in marine areas with relatively high salinities,
such as the Mediterranean Sea (Bulnheim and Schwenzer, 1993). The core of its
distribution is located in the southern and eastern parts of the North Sea, including
the Wadden Sea along the coasts of the Netherlands, Germany, and Denmark.
Although brown shrimp can live at depths up to 120m (Wollebaek, 1908), they
mainly concentrate in highly productive, tidally influenced waters of <10 m depth.

The longevity of the brown shrimp is approximately 2 years, and it reaches a mean
maximum total length of 80 mm, although individuals up to 110 mm are sometimes
found (German demersal young fish survey 2005). Hatching occurs mainly in winter
and summer, but egg-bearing females can be captured throughout the year, except in
October and November (Kuipers and Dapper, 1984; Neudecker and Damm, 1992).
Post-larvae of 5-15 mm length mainly invade intertidal areas from May until June
(Temming and Damm, 2002), growing to a marketable size of 50 mm by October or
November. Small individuals tolerate temperatures up to 27°C. When temperatures
exceed 27°C, individuals leave the tidal flats in large numbers (Berghahn, 1983).
Shrimp that are 40 mm or longer avoid the tidal flats and are mainly caught within
gullies and tidal creeks, where the water is colder (Janssen and Kuipers, 1980).
Experiments have demonstrated that the optimum salinity at 6°C is 35 psu and that
lower salinities are favoured at higher temperatures (Caudri, 1937). The brown
shrimp is an opportunistic omnivore, but feeds mainly on small crustaceans,
copepods, mussels, dead fish, algae, and detritus (Plagmann, 1939; Pihl and
Rosenberg, 1984).

Fisheries

Brown shrimp are caught throughout the year, mainly by fisheries in Germany and
the Netherlands and, to a lesser extent, in the UK, Denmark, Belgium, and France.
The highest landings are normally in autumn, coinciding with the timing of the peak
in abundance of shrimp >50 mm (Maes et al, 1998), whereas the catch during winter
is relatively low (ICES, 2009). Fishing effort is also lowest during winter, although
catches at this time of year yield higher prices. The price for the fishers in 2006 was
€2-3 kg A Shrimping in the North Sea is mainly performed by small- and medium-
sized cutters equipped with 9m beam trawls, with or without tickler chains. At
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present, the Crangon fishery is not regulated, and the minimum catch size is mainly
driven by market factors, such as the sizes preferred for processing.
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Figure 22.1. Landings of Crangon crangon from the North Sea (in t) by country. (Source: ICES,
2009.)

Observed changes in production

Annual landings for the entire North Sea were ca. 100001 in 1970 and increased
constantly from 1990 until 2006, when landings were 350001 (Figure 22.1). This
increase was achieved with hardly any, or only a low, increase in fishing effort. For
the two main fishing nations, Germany and the Netherlands, effort in these years
averaged ca. 9-10 million and 4 million horse power days (hpd), respectively (ICES,
2009).

In recent years, increased densities were observed in the northern part of the North
Sea. In Denmark, landings per unit effort (Ipue) increased from 1kghpd-1in 2001 to
6kghpd-lin 2006, followed by a decrease to 3 kg hpd-1in 2008. Additionally, a recent
rapid increase in abundance of brown shrimp in Icelandic waters was observed
(Gunnarson et al, 2007). Although the establishment of this species in Iceland might
be the result of introduction via ballast water, it has found favourable conditions and
rapidly colonized this area.

Processes underlying observed changes

Although the annual landings of brown shrimp from the North Sea have fluctuated
considerably over the past three decades, there is clear evidence of a general increase
since 1990 (Figure 22.1). This increase might be caused by several factors, the most
likely being a release from predation pressure. Adult brown shrimp are mainly
consumed by Atlantic cod (Gadus morhua), whiting (Merlangius merlangus), and
mackerel (Scomber scombrus), which are all fish species that have declined
dramatically in the North Sea (Cook et al, 1997), especially since the mid-1990s (see
also Section 17). The increase in brown shrimp landings in the northern part of the
North Sea by both Denmark and Iceland may have been partly the result of
increasing water temperatures, although fishing effort has also shifted into these
areas from other regions. However, because German, Belgian, and Dutch vessels
were also fishing in Danish waters, increased abundance of brown shrimp over the
whole area is likely.
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The northward shift of brown shrimp may be caused by increasing water
temperatures. For example, mean sea surface temperature increased between 2001
and 2006, and this increase has been especially apparent during August and
September (see also Section 6). Danish Ipue was low in 2001 and much higher in 2006,
when temperatures during October were >2°C warmer along areas of the Danish
coast. However, temperature and predation are probably acting simultaneously to
influence the stock dynamics. For example, in 1997, the Ipue was only about half that
in 1996, despite relatively high temperatures, a difference probably attributable to the
presence of larger numbers of predators in 1997. Furthermore, because the Crangon
fishery is not regulated, market factors might also play an important role.

Future stock development

At present, there is no indication that the populations of the main predators of brown
shrimp are recovering and, according to Welleman and Daan (2001), the shrimp
fishery has been sustainable in recent times. Therefore, it can be assumed that
landings will remain at a high level (since 2003, total annual landings have been
above 30000 t). Henderson et al. (2006) suggest that a shortage of suitable substrata
could be a factor limiting the increase in brown shrimp stock. If the availability of
habitat is limited, density-dependent factors, such as cannibalism, might play a
greater role in controlling the population. Further increases in temperature will most
probably stabilize or even increase landings as a result of the expansion of the
distribution area of brown shrimp farther northwards, mainly into Danish waters,
but also into southern Swedish and Norwegian waters. Increased temperatures will
also increase the growth rate of brown shrimp at higher latitudes. Currently, winter-
hatched larvae take ca. 1 year to reach marketable size by October.

Kuipers and Dapper (1984) reviewed the spawning activity of brown shrimp in
relation to latitude and demonstrated that, in more northern regions, only one
spawning season (in autumn) is observed, as opposed to two spawning peaks in
southern areas, such as the Wadden Sea. Higher temperatures in northern areas
would therefore influence not only growth rates, but also reproduction of the shrimp.
This higher productivity will only be possible if fuelled by sufficient levels of primary
and secondary production. Pihl and Rosenberg (1984) observed that food
consumption rates increased by 6% for each 1°C increase in temperature over a range
of 10-20°C. Therefore, higher growth rates in response to increasing water
temperatures (especially in warmer areas) may only be possible in highly productive
areas, such as the Wadden Sea, as suggested by reports linking the increase in the
brown shrimp population with eutrophication (Boddeke and Hagel, 1995: Boddeke,
1996). However, zooplankton time-series from corresponding areas would be
necessary in order to test whether or not brown shrimp populations may become
food-limited. In the north, although brown shrimp densities may be lower, owing to
food limitations, overall landings should increase and, barring additional ecosystem
changes, could eventually reach a higher, stable plateau.

The effects of temperature on stock size are not only positive. Increased temperatures
translate into higher moulting rates and increased frequency of periods when the
shrimp are more vulnerable to cannibalism, predation, and influences of pollutants.
Moreover, preferred habitats may become unsuitable because tolerance of low
salinity is reduced at higher temperatures, and mortality, especially of larger shrimp,
would be expected to increase. Increased temperatures are associated with decreases
in oxygen content and increases in the concentration of harmful substances in the
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water, such as Hs5; brown shrimp are particularly sensitive to low concentrations of
the former and high concentrations of the latter (Hagerman and Vismann, 1995).

Conclusions on climate effects

At present, it is difficult to establish whether the steady, high landings reported for
brown shrimp in recent years are the result mainly of an increase in temperature or a
decrease in the main predators, such as Atlantic cod and whiting. Under ad libitum
feeding conditions, increasing temperatures will increase the growth rates of the
shrimp, allowing a larger proportion of the juveniles invading intertidal areas of the
North Sea in spring to reach reproductive size by autumn. This will not only increase
landings, but will also alter or increase the spawning-stock biomass. A northward
shift of the population has been discussed, but until now, the only indications are
higher lpue in northern areas and an increasing stock on the coast of Iceland.
Increased productivity may result from a shortening of the life cycle caused by higher
growth rates and, therefore, a decrease in cumulative mortality. Furthermore, the
number of breeding seasons at higher latitudes may increase from only one (during
summer) to two (during summer and winter), as currently described for populations
of brown shrimp in the southern North Sea.

On the other hand, there is some indication that bottlenecks exist for the productivity
of brown shrimp populations in the form of a lack of suitable habitat (space
limitation) and/or sufficient prey resources. Habitat and/or prey limitation can play
important roles in the stock dynamics, and both would be exacerbated by increased
warming: the former by increased hypoxy in benthic habitats, and the latter by
increased metabolic demands. Moreover, brown shrimp populations may benefit
indirectly from increasing temperature via decreases in predator populations. This
appears to be the case with Atlantic cod, but the effect of increasing temperature on
whiting populations is unknown.



ICES Cooperative Research Report No. 301

23

23.1

23.2

23.3

Nephrops
Georg H. Engelhard and John K. Pinnegar

Introduction

This section reviews knowledge of the Norway lobster (Nephrops norvegicus; phylum
Crustacea, order Decapoda, family Nephropidae), with particular focus on the
possible effects of climate change. It summarizes the general biology and then
addresses recent developments of landings, including apparent differences in trends
between the more northern and southern parts of the distribution range. It concludes
by hypothesizing climate change as a possible factor in these changes, but also
proposes three alternative hypotheses that are not mutually exclusive.

General biology

The Norway lobster, widely marketed as scampi, langoustine, or Dublin Bay prawn,
is a relatively small, elegant lobster up to 24 an long. As in other lobsters, the thorax
bears 10 legs, or pereiopods; the first pair is modified into two long, slender claws
and the others are stout walking legs. If it needs to escape, this walking decapod can
also swim rapidly backwards by fast flexing of the powerful abdomen (Hayward et
al, 1996).

Norway lobster live in dense aggregations on the flat, muddy bottoms of the
European continental shelves and slopes of the Atlantic and Mediterranean. After
6 months as larvae and post-larvae in the water column, individuals settle on the
seabed, notably where temperatures are ca. 13-14°C and the bottom consists of silt
and clay of specific particulate dimensions (Farmer, 1975; Aguzzi and Sarda, 2008).
These two factors confine the species to the shallower depths of the continental shelf
of the North Atlantic, but to much deeper shelves and slopes of the Mediterranean
(Farmer, 1975; Abell6 et al, 2002). In the seabed, the lobsters dig extensive, branching
tunnels, which have a depressed, crater-like entrance, tubes that travel horizontally
ca. 20-30 an under the seabed surface, and between one and eight ventilation shafts
(Rice and Chapman, 1971).

The lobsters spend most of the time in the burrows, which they leave only to feed and
to mate. These emergence patterns are veiy important because most Nephrops fishing
is by trawling (although creels are used in many sheltered Scottish sea lochs), and the
lobsters are protected from trawling while they are in the burrows. Emergence
appears to be related to light levels, and the greatest catches are often taken at dawn
and dusk, although this may vaiy according to water depth and clarity (Aguzzi and
Sarda, 2008). Females carrying eggs (so-called "berried" females) rarely come out of
their burrows and are therefore naturally protected from trawlers; as a result, males
dominate the catches during most of the year and are more heavily exploited than
females (Bell et al., 2006).

A small fish, Fries' goby (Lesueurigobius friesii; order Perciformes, family Gobiidae) is
a common cohabitant of Nephrops burrows.

Fisheries

Nephrops are mainly caught by trawlers, but other methods are used in inshore areas
(e.g. aceling is important along the Scottish west coast). The fisheiy has especially
developed since the 1960s and is currently of particular importance to the UK,
especially Scotland. This has been attributable to (i) a redirection of fishing effort
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away from traditional species, such as cod (Gadus morhua) and haddock
(Melanogrammus aeglefinus), which have recently declined markedly and hence
become less available to the fishery; and (ii) the very high market price of Nephrops. In
Scotland, it is now one of the most valuable fisheries (landings valued at ca. £50
million in recent years).

Of the total nominal catches from the Northeast Atlantic (excluding the
Mediterranean) during the period 2000-2005, ca. 53% was landed in the UK (39% in
Scotland alone). The next-most important countries were France and Ireland (13%
each), Denmark (10%), and Iceland (3%). Landings in Spain and Portugal were much
higher in the 1970s to 1980s, but currently are only 1-2 % of the total for the Atlantic.

The most important fishing regions for Norway lobster in the Northeast Atlantic
include: the North Sea (ICES Subarea IV: 42% of total landings during 2000-2005);
the English Channel and Celtic and Irish seas (Subarea VII: 28%); West of Scotland
(Division Vla: 19%); Bay of Biscay (Subarea VIII: 7%); and to a lesser extent, the
Portuguese coastal region (Division IXa: 1.2%), notably the Galician coast. However,
it is of note that, within these regions, Nephrops fisheries are highly localized and
tightly linked to the specific habitat requirements of the species (i.e. the need for
muddy and/or silty substrata).

Observed changes in production and distribution

Northeast Atlantic Nephrops landings increased dramatically from the 1950s to the
mid-1980s and have since stabilized (Figure 23.1). Notably, there appears to have
been a latitudinal shift in the regions where most of the landings were taken. The
relative importance of southern countries (Portugal, Spain, and France; Figure 23.1
left panel) or southern fishing regions (Portuguese coast, Bay of Biscay; Figure 23.1
right panel) has decreased, whereas that of northern countries (Ireland, UK,
Denmark) or fishing regions (West of Scotland, North Sea) has increased.

There are indications that geographic differences in Nephrops population trends at
least partly reflect those of the landings. The population along the Portuguese coast
has collapsed since the 1980s, with an estimated decline in spawning-stock biomass
(SSB) from ca. 2000 t in 1988 to ca. 400 t in 2004 (ICES, 2006f). No such drastic declines
are evident in the North Sea and West of Scotland, based on television-survey
methods and landings per unit effort (lpue) data, although, admittedly, the
population sizes are not properly known; lpue data are difficult to interpret because
of highly localized and targeted fishing (Bell et al., 2005; ICES, 2006d).
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Figure 23.1. Northeast Atlantic Nephrops: trends in total landings: (left panel) by country of
landing, and (right panel) by fishing region. "Other" in the left panel includes, in decreasing
order of average annual landings over this time-series, Belgium, the Netherlands, Norway, and
the Faroes. (Data from ICES Fisheries Statistics.)

Processes underlying observed changes

Four hypotheses may be adduced to explain why, over the past three decades,
Nephrops landings from southern populations have generally decreased, while
landings from more northern populations have either increased or remained stable
(Figure 23.1 right panel). These hypotheses, which are not mutually exclusive, relate
to:

1) climate change,
2 ) differences in fishing pressure,
3) trends in targeted fishing effort, and

4) indirect effects of fishing through reduction in natural predators.

The trends are in line with hypothesis 1 (climate change), where species are expected
to decrease in abundance at their southern distribution limits and increase at their
northern limits (for examples, see Beare ef al, 2004; Perry et al, 2005). Indeed,
experiments on Irish Sea Nephrops demonstrated that, at higher temperatures, larval
stages are of shorter duration there (Dickey-Collas et al., 2000), hinting that climate
warming would speed up growth rates. Moreover, species with spatially restricted
habitat requirements during a crucial part of their life history may be more sensitive
to climate change than species without such specific habitat requirements (i.e. if
temperature changes occur at sites with suitable substrata, but animals cannot
redistribute to other such sites, because of geographic constraints; Rijnsdorp et ah,
2009; see also Section 1). In such species, climate change is unlikely to result in rapid
distribution shifts, but may cause local decline or disappearance, with recolonization
likely to occur only at a slow pace. Given that adult Nephrops are closely associated
with silty and muddy bottoms in waters of 13-14°C (Farmer, 1975), they are
vulnerable to a warming climate if this would lead to a mismatch between suitable

temperatures and substrata types.

However, climate effects on population trends were not found by Zuur et al. (2003),
who analysed Ipue series for 13 Nephrops populations around northern and central

Europe. Using dynamic-factor analysis, they were able to detect six groups of
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populations demonstrating similar temporal patterns, but found no evidence that any
of the trends were related to such climatic drivers as the North Atlantic Oscillation
(NAO) or to sea surface temperatures.

Higher and historically more sustained, fishing pressures on southern populations
(hypothesis 2) might also explain the declining catches compared with the north. In
southern Europe, Nephrops have been marketed for many decades, whereas the
targeted fisheries in the north expanded more recently; even now, the catches are
mainly exported to the south.

It is unclear to what extent the shifts in landings relate to abundance changes of
Nephrops itself or to changes in fishing patterns leading to regional differences in
fishing effort (hypothesis 3). This difference occurs mainly in the north where cod-
targeted fishing effort has been redirected towards Nephrops (most notably in the
central and northern North Sea; Pawson et al., 2002). In contrast, off Portugal, a mixed
fishery, which targeted Nephrops (among other species), has declined and Nephrops
landings have decreased steeply, but the decline in effort appears to have preceded,
not followed, the decline in Nephrops. It has been tentatively suggested that reduced
discards might have limited the feeding opportunities of Nephrops and thereby
contributed to its population decline.

Finally, hypothesis 4 suggests that the increases in Nephrops in the Irish Sea, North
Sea, and possibly other northern populations may be related to a reduction in
predation mortality from demersal fish, notably cod. In the Irish Sea, cod was the
predominant predator of Nephrops during the 1970s to 1980s (Armstrong, 1979, 1982;
Patterson, 1983), and Brander and Bennett (1986) estimated that cod, at biomass levels
typical of that time, imposed on it an instantaneous predation mortality of 0.2 year-,
as part of an estimated natural mortality of 0.3 year-!. Furthermore, strong evidence
of a close predator—prey relationship was given by Brander and Bennett (1989), who
demonstrated that the catch rates of Irish Sea Nephrops in the 1970s to 1980s were
inversely related to cod biomass levels in the following years. Similar, top—down
regulation of a crustacean by cod has been reported for shrimp (Worm and Myers,
2003).

Cod is also the main Nephrops predator in Icelandic waters (Dombaxe, 2002), and
possibly in most of the stocks living north of the English Channel (Bjornsson and
Dombaxe, 2004). However, Nephrops are relatively low-quality food for cod,
compared with pelagic fish such as capelin (Mallotus villosus; Bjornsson and
Dombaxe, 2004) because of their hard exoskeleton and low fat content. This implies
that more Nephrops than fish would be required to sustain the same growth. Given
that, largely through overfishing, cod stocks have declined substantially over the past
two to three decades almost throughout their range, from the English Channel
northwards, a positive effect through significant release of predation mortality on the
Nephrops populations of the area is likely to have occurred.

Conclusions on climate effects

Over the past three decades, Nephrops landings from southern populations have
generally decreased, whereas landings from more northern populations have either
increased or remained stable. Four complementary hypotheses are proposed here to
account for these changes, related to (i) climate change, (ii) differences in fishing
pressure, (iii) trends in targeted fishing effort, and (iv) indirect effects of fishing
through reduction in predation mortality.
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Further studies are needed that address the relative contributions of climate and
fishing to the geographically different trends in landings and population sizes, both
now and in the future. However, for this species, it will also be particularly important
to examine whether its highly specific habitat requirements may make it particularly
vulnerable to climate change.
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Synthesis and working hypotheses

Adriaan D. Rijnsdorp, Christian Méllmann, Myron A. Peck, Georg H.
Engelhard, and John K. Pinnegar

Introduction

Resolving the effect of climate change on fish populations is complicated because
climate change will affect a multitude of environmental factors that may, in turn,
affect various processes at different levels of biological organization. For example,
even if the effect of changes in an environmental factor on the physiology of an
organism is known, it will be difficult to evaluate the outcome of this organismal-
level physiological response at the level of the population or ecosystem (Mackenzie
and Kdoster, 2004). Statistical analysis of available time-series revealed changes in the
distribution and abundance of fish species that correlate with environmental
variables (Murawski, 1993; Beaugrand, 2003; Koster er al, 2005; Weijerman et al.,
2005). However, statistical correlations do not necessarily reflect underlying

processes.

It may be argued that it will be impossible to detect generalities because the number
of interactions in the system is too large and individual species may differ too widely
in their response. Nevertheless, we believe that it is possible to derive generalities by
developing hypotheses about the impact of climatic factors (abiotic variables) on fish
populations based on first principles and by taking account of different levels of
biological organization (from cellular- and organismal-level ecophysiology to
population- and ecosystem-level responses). In this section, we will:

i) review the environmental variables and oceanographic features relevant
to fish that will be affected by climate change;

ii) derive theoretical expectations from first principles and from
physiological and ecological theory;

iii ) derive working hypotheses for future research; and

iv) review the empirical evidence against this theoretical background.

An extended version of this section is published in ICES Journal of Marine Science
(Rijnsdorp et al., 2009).

Climate change

The effects of climate change differ among geographic areas (IPCC, 2007), and a
review of the observed changes in ocean climate is given in Section 6. Predictions
indicate the following.

i)  High-latitude areas will experience the largest increase in air temperature
and melting of sea ice. The Norwegian, Barents, and Baltic seas will
demonstrate an intermediate increase in temperature, whereas the more
southern areas, including the North and Mediterranean seas, will
demonstrate the most modest increases. Ocean temperature will follow
increases in air temperature, although, to a lesser extent, this will be
caused by the high heat-storage capacity of oceanic water masses.
Shallow areas will demonstrate a larger increase in sea temperature than

deeper waters.

ii) In western Europe, there will be an decrease in the frequency of veiy
cold winters and an increase in the frequency of veiy hot.
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iii ) Changes in the strength and prevailing direction of winds over European
marine areas remain uncertain, although average and extreme
windspeeds over northern Europe are expected to increase.

iv) Precipitation and river run-off will increase in northern Europe and
decrease in southern Europe. Also, the seasonality of run-off will change,
increasing in winter, but decreasing in spring in northwestern Europe. In
warmer regions, such as the Mediterranean, differences in the magnitude
of river run-off between winter and summer will increase.

Abiotic variables that will be influenced by climate change and, in turn, affect the
production and distribution of fish, will differ among regions, such as the open
ocean, shelf areas, and coastal waters. Although the importance of the variables
changes regionally, some general conclusions can be reached.

i) Temperature, because of its pervasive effect on organisms, will be of
crucial importance in all regions.

ii) Stratification will be of major importance in all regions because of its
impact on the vertical structure of ecosystems and on bottom-up
processes.

iii) The effect of winds is usually through mixing and circulation changes in
the open ocean, but in shelf and coastal regions, upwelling may become
more important, depending on wind direction and coastal orientation.

iv) Sea ice is only important in the more northern regions, such as the
Barents and Baltic seas, but ice cover there does act as a key factor in the
system.

v) Changes in salinity will generally have less of a direct effect on most
organisms, although this is an important factor in the Baltic Sea.

24.3 Theoretical expectations

Fish have complex life cycles comprising egg, larva, juvenile, and adult stages, in
which body size is increased by a factor of 105 (Rothschild, 1986). Successive life-
history stages require different habitats, which are often spatially separated. A
prerequisite for population persistence is that the successive habitats are connected,
allowing the survivors to metamorphose, mature, and return to the spawning
grounds to reproduce successfully (life cycle closure: Sinclair, 1988). Within stage-
specific habitats, fish must be able to experience suitable abiotic conditions as well as
find food for growth and shelter to escape predation or disease.

Climate-driven changes in fish populations may result from five, often interlinked,
mechanisms:

i)  physiological responses to changes in environmental parameters, such as
temperature;

ii) behavioural responses, such as avoiding unfavourable conditions and
moving into new suitable areas;

iii) population dynamics resulting from changes in the balance between
rates of mortality, growth, and reproduction, in combination with
dispersal, which can lead to the establishment of new populations in new
areas or the abandonment of traditional sites;

iv) ecosystem-level changes in productivity and/or trophic interactions; and
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v) commercial exploitation, which greatly affects the abundance and
distribution of fish and may interact with impacts of climate change.

In the following sections, we expand on each of these five themes with regard to
potential climate impacts in order to derive a suite of testable hypotheses.

24.3.1 Physiological response

In order to interpret observations in terms of underlying mechanisms, insight
regarding ecophysiological responses will be important (Section 3). Species can
tolerate only limited ranges of environmental conditions, and this will influence their
distribution ranges. A classification scheme based on the biogeographic affinities of
species (Arctic, Boreal, Lusitanian, Tropical, Atlantic) may be a powerful tool in
evaluating the expected response (Section 2).

A review of the upper and lower lethal temperatures for fish species indicated that
tolerance range changed with latitude, being narrow at the equator and the poles,
and wide in intermediate latitudes (Section 3). Although estimates of thermal
preference gauged from fish in the field should not be oversimplified, because other
environmental factors can modify preferred temperatures, such estimates may give a
first approximation of the general patterns. There are indications of an ontogenetic
shift in the temperature tolerance of species, so that optimum temperatures for
growth decrease with increasing body size of juveniles and adults (Kuipers and
Fonds, 1978; Fonds et al., 1992; Imsland et al., 1996; Yamashita et al., 2001).

The observed relationship between fish size and depth distribution (Heincke’s law;
Heincke, 1913) may be a reflection of the decrease in the upper thermal limit with
increasing fish size. This mechanism could explain the ontogenetic shift in habitats
observed in several fish species, where young stages occur in shallower waters than
larger stages. In some species, larval stages have been observed to have a narrower
temperature-tolerance range than other life-history stages, making them more
vulnerable to changes in temperature (Irvin, 1974). If this is a general phenomenon, it
may provide a powerful basis for predicting the response of a species to changes in
temperature, but further research is needed to test its general application. The
sensitivity of larval stages to climate change may be further increased by their small
body size, which will make them less capable of selecting a suitable habitat and more
vulnerable to mortality during periods of adverse environmental conditions, such as
food shortage.

Several authors have stated that marine fish are less likely to be affected by an
increase in oceanic CO: and a corresponding decrease in pH than invertebrate
groups, such as molluscs and corals (Feely et al., 2004; Orr et al., 2005; Fabry et al.,
2008). However, laboratory studies have revealed that manipulation of pH and CO:
can have dramatic consequences on physiology, metabolism, and reproductive
biology, with egg fertilization and survival of early developmental phases being
primarily affected (Ishimatsu et al., 2005).

It is worth noting that responses to climate change at higher levels of organization
(population, community, ecosystem) are ultimately driven by differences in
physiological responses that affect trophodynamic relationships. For example,
physiological responses to a change in temperature can differ between primary,
secondary, and tertiary consumers, thereby influencing trophic coupling (Freitas et
al., 2007) via changes in productivity or phenological shifts and match—mismatch
dynamics (Cushing, 1990).
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24.3.2 Behavioural response

Organismal-level responses, such as changes in behaviour, can result from changes in
key abiotic factors, such as temperature or O: levels, but the presence (and/or
strength) of the response will depend on the ability of the animal to detect
environmental gradients and navigate accordingly. In contrast to early-feeding larvae
of tropical marine fish, which can exhibit relatively strong swimming capacity (e.g.
Leis, 20006), larvae of most temperate marine fish species have little or no swimming
ability. Temperate marine fish larvae can respond to relatively intensive
environmental signals (e.g. turbulence avoidance: Franks, 2001) but have little
capacity to avoid unfavourable environments if the situation requires swimming over
large (km) distances.

In later (juvenile and adult) life stages, individual fish can clearly respond to a change
in temperature (Woodhead, 1964a; Berghahn, 2000) and, in many cases, exhibit active
temperature preference (e.g. Tsuchida, 1995). Some elasmobranchs are extremely
sensitive to temperature variation (i.e. they can respond to changes of <0.001°C:
Brown, 2003), and some sharks are able to move to deeper water before the onset of
severe storms (Heupel et al., 2003). Even for individuals in these later life stages that
have strong swimming capacity, information concerning the location of optimal
habitats will be imperfect. Field studies on thermal habitat revealed that fish may
inhabit suboptimal temperatures even if more optimal temperatures are within reach
(Neat and Righton, 2007); however, optimal habitat is also determined by other
factors, such as food. Behavioural changes may have unexpected consequences. For
example, as a result of an increase in temperature, fish swimming speed increases
(e.g. Peck et al., 2006), and fish may behave differently in response to oncoming
fishing gear, making them more (or less) vulnerable to capture (Winger, 2005).

Finally, at longer temporal scales, climate-driven changes in temperature can modify
the phenology of annual migrations to feeding and/or spawning grounds, as
observed (Carscadden et al., 1997; Sims et al., 2004) and predicted (Huse and
Ellingsen, 2008) for temperate marine species. It can be inferred that the behavioural
response to changes in environmental conditions depends on the rate of change
and/or the spatial scale over which conditions change relative to fish body size or
developmental stage, because the capacity for avoidance responses increases with
increasing body size.

24.3.3 Population dynamic response

Productivity of fish populations, in terms of biomass, is determined by recruitment,
growth, and mortality. Most commercially important species are broadcast spawners,
producing millions of eggs (Rothschild, 1986). Mortality rates of early life-history
stages are very high and variable, generating large fluctuations in annual
recruitment. Relatively small changes in rates of growth and mortality during the egg
and larval phases can have a large impact on recruitment success of populations
(Houde, 1987). As the early life-history stages are likely to be more sensitive to
climate change, climate change can be expected to have a major effect on the
distribution and abundance of fish because of its influence on recruitment. The
mechanism will be either the match—mismatch between the timing of reproduction
relative to the production of larval food and/or predators (Cushing, 1990; van der
Veer et al., 2000; Platt ef al., 2003; Temming et al., 2007) or the connectivity (retention
or transport) between spawning and nursery areas (Sinclair, 1988; Wilderbuer et al.,
2002).
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Interstock comparisons indicate a dome-shaped pattern in the relationship between
the recruitment strength and spawning temperature experienced during the
spawning season, with maximum recruitment at an intermediate temperature in cod
(Gadus morhua) and sprat (Sprattus sprattus; Brander, 2000; MacKenzie and Koster,
2004). In cod, this temperature was close to the optimal temperature for growth of
larvae (Brander, 2000). However, the impacts of climate on recruitment are not
limited to processes acting during the egg and larval stages, but may extend to later
(juvenile and adult) life stages. For example, year-class strength in sprat appears to be
established during the post-larval or juvenile period (Koster et al., 2003b), and low
growth rates and poor condition of juvenile sprat can result from top—down control
of their zooplankton prey resources (Baumann et al., 2007).

Productivity is also influenced by the effect of temperature on growth rate (Brander,
1995; Teal et al., 2008). In a comparative study of 15 cod stocks, the sevenfold
differences in productivity among stocks corresponded to differences in temperature
in the environment (Dutil and Brander, 2003). Fish species are generally plastic in the
age and size at which they become sexually mature. An increase in juvenile growth,
as well as an increase in temperature, may result in a decrease in the length and/or
age of first maturation, affecting growth of adults, as surplus energy is channelled
into reproduction at an earlier age and/or smaller size (Heino ef al., 2002b).

High mortality may occur when temperature conditions reach extreme values. Low
temperatures during winter may increase mortality, especially of smaller fish, which
have relatively fewer energy reserves than larger conspecifics (Post and Evans, 1989;
Sogard, 1997). During severe winters in the North Sea, high mortality has frequently
been reported for Lusitanian species, such as sole (Solea solea) and conger eel (Conger
conger), but only rarely for Boreal species, such as cod, plaice (Pleuronectes platessa),
and dab (Limanda limanda; Woodhead, 1964a). High mortality may also occur during
hypoxic or anoxic conditions, as has been reported for the Kattegat (Diaz, 2001).
Although mass mortalities during summer in relation to harmful algal blooms have
been reported elsewhere (Yin et al., 1999; Heil et al., 2001), no records are known for
the Northeast Atlantic. Climate change may have the most dramatic (negative)
impacts on the productivity of fish populations by increasing the frequency of these
“episodic” extreme events.

For some broadcast-spawning fish species, there is evidence that the size of
populations is determined by the size and availability of spawning and/or nursery
habitats (Rijnsdorp et al., 1992; Gibson, 1994; Sparholt, 1996; MacKenzie et al., 2000).
Limits on the availability of these habitats may act as a bottleneck for population size
(and/or productivity). In these cases, the focus should be on the impact of climate
change on the critical life-history stage(s). Whether this relationship is applicable will
depend on the relative size of the habitat in relation to that of other life-history stages,
and is determined by the specific geographic setting.

Life-cycle closure may be affected if climate change influences the connectivity
between habitats of successive life-history stages (Sinclair, 1988). For example,
changes in ocean climate may affect the transport of eggs and larvae between
spawning grounds and nursery areas (Corten, 1986; van der Veer et al., 2000;
Wilderbuer et al., 2002), or the timing of spawning migrations, which may influence
the arrival of adults at the spawning grounds (Sims et al., 2004).
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24.3.4 Ecosystem response

Climate change can affect all trophic levels of marine ecosystems, eventually
resulting in changes in the productivity and distribution of fish stocks. At lower
trophic levels, climate is expected to affect primary and secondary productivity
through its effect on physiological rates of species, availability of nutrients (upwelling
or stratification), and advection of water into shelf areas and enclosed basins
(Section 8).

At a qualitative level, the increase in average and extreme winds over European
marine areas may increase upwelling, enhance primary production, and eventually
increase fish productivity (Dickson et al., 1988; Jahncke et al., 2004; Rykaczewski and
Checkley, 2008). A further effect will be the translocation of deep-water species into
shelf seas (Blanchard and Vandermeirsch, 2005). Within shelf areas, increased
warming will result in earlier water-mass stratification (if not balanced by increased
wind mixing), that will affect the timing of the spring bloom and the level and
composition of primary production. Primary productivity may also be influenced by
changes in precipitation and river run-off. In areas where coastal production is
enhanced by nutrient input (from either organic matter or nutrients through rivers),
changes in precipitation will probably affect coastal fish production. Hence, in the
Bay of Biscay, an increase in river run-off may enhance the productivity of sole,
whereas, in the Mediterranean, a decrease in run-off could lead to a decrease in the
productivity of sole (Salen-Picard et al., 2002; Le Pape et al., 2003; Darnaude et al.,
2004; see also Section 21).

Climate-driven changes in the level of primary productivity will probably be
accompanied by phenological changes that affect lower trophic-level coupling and
eventually the recruitment success of marine fish (Cushing, 1990). Changes in
phenology and a resulting trophic mismatch have been reported for the North
Atlantic plankton community, where the level of response differs throughout the
community and the seasonal cycle, leading to a mismatch between trophic levels and
functional groups (Platt et al., 2003; Beaugrand et al., 2003; Edwards and Richardson,
2004). This trophic mismatch can eventually affect fish-stock recruitment, as
demonstrated for the interaction between North Sea cod and the copepod Calanus
finmarchicus (Durant et al., 2005; Section 17). To some extent, biophysical modelling
approaches can be used to identify “mediator chains” (Dippner, 2006), describing
how climate-induced changes in physical factors (e.g. stratification) are propagated
up the foodweb to affect processes (e.g. match—mismatch dynamics) important to the
survival of marine fish (e.g. Daewel, 2008; Daewel et al., 2008a, 2008b; Section 4).

Beyond a strict bottom—up control, a number of different control patterns exist within
foodwebs (i.e. top—down and wasp-waist controls), and climate-induced changes will
depend on the prevailing control pattern, making it challenging to predict how
climate change will affect marine fish stocks within those foodwebs (Stenseth ef al.,
2002; Jennings et al., 2008; Section 8). There is a lasting discussion about whether
ecosystems are primarily regulated by bottom—up or top—down processes (Frank et
al., 2007). The traditional view in marine ecology of a bottom—up control (Strong,
1992) is supported by a number of recent studies (Ware and Thomson, 2005; Greene
and Pershing, 2007). Other studies, however, suggest that the dominance of bottom—
up control can switch to top—down control, leading to trophic cascades initiated by
overfishing (Worm and Myers, 2003; Frank et al., 2005; Daskalov et al., 2007;
Mollmann et al., 2008).
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Moreover, recent studies emphasize the simultaneous importance of both climate-
induced (bottom—up) and fisheries-induced (top—down) effects in marine ecosystem
reorganizations (Mollmann et al., 2008, 2009). The strength of these processes also
appears to depend on foodweb complexity and thermal conditions (Frank et al., 2007),
and may oscillate between bottom—up and top—down control (Hunt ef al., 2002; Hunt
and McKinnell, 2006). The control change can be triggered by both climate changes
and overfishing (Litzow and Ciannelli, 2007; Casini et al., 2008a, 2008b). Hence,
predicting the effect of climate changes on marine ecosystem development and,
hence, the productivity of different fish stocks, particularly in light of the additional
(interacting) pressure of exploitation, is a major challenge for the future (Greene and
Pershing, 2007).

24.3.5 Effects of fishing

Fisheries may interact with climate change by causing changes in fish populations
through various mechanisms (Sections 8 and 9). Climate change may affect the
distribution of particular species and hence their susceptibility to particular fishing
fleets, making them more or less “catchable” (Section 10). Similarly, climate-related
distribution shifts may affect the protective capabilities of closed areas, because
species or life stages may shift outside the boundaries of the protected area and so
become vulnerable to fishing (e.g. the North Sea “Plaice Box”: van Keeken et dl.,
2007).

Extensive fishing may render fish populations more vulnerable to short-term, natural
climate variability (O'Brien et al., 2000; Walther et al., 2002; Beaugrand et al., 2003;
Anderson et al., 2008) by making such populations less able to “buffer” the effects of
occasional poor year classes. During recent decades, there has been a clear, positive
correlation between temperature and recruitment in northeast Arctic cod; however,
this link was weak or non-existent in earlier periods (Ottersen and Stenseth, 2001). A
major implication is that fishery-induced impoverishment of stock structure (reduced
and fewer ages, smaller sizes) can increase the sensitivity of a previously robust stock
to climate change (Ottersen et al., 2006). Conversely, long-term climate change may
make stocks more vulnerable to fishing by reducing the overall carrying capacity of
the stock, so that it might not be sustained at, or expected to recover to, levels
observed in the past (Jennings and Blanchard, 2004).

Fishing will have a major influence on the size structure and species composition of
the fish assemblage and, thus, will affect predator—prey relationships (Rice and
Gislason, 1996; Daan et al., 2005). Fishing will interact with global warming, because
body size generally increases with latitude (Belk and Houston, 2002) and small fish
species may take advantage of the removal of larger predatory fish (Daan et al., 2005).
Fishing may also affect ecosystem control, causing bottom—up systems to become
top—down controlled systems. How climate change will interact with fishing will
depend on the species affected and, eventually, on the prevailing patterns of
ecosystem structure and function (Heath, 2005). Hence, the response of ecosystems to
climate change and fishing pressure is currently difficult to predict.

24.4 Working hypotheses

The response of fish populations to climate change will differ between species. The
difference may be related to their adaptations to the environmental conditions in
their respective habitats. As such, the biogeographic affinities of the species may be
used as a proxy for their expected response to a change in temperature (e.g. Section 2
and Annexes 1-4 on the biogeographic affinities of North Sea, Baltic, Irish Sea, and
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other European marine fish species). Populations living near the limits of their
distribution area are probably also living close to the limits of their physiological
tolerance range and are therefore more vulnerable to changes in abiotic conditions
than populations living at the centre of their distribution area (Miller et al., 1991). As
water temperature is correlated with water depth, fish may move into deeper waters
during summer in order to avoid the warmer waters in shallow areas (Dulvy et al.,
2008). This leads to the first set of working hypotheses.

e Hla. Populations at the limits of their latitudinal range will demonstrate
stronger responses than those at the centre of their latitudinal distribution.

e Hi1b. Northern species at the southern limits of their distribution will
decrease in abundance, and southern species at the northern limits of their
range will increase in abundance.

e Hlc. Species will shift into deeper, cooler waters in response to an increase
in water temperature.

The responses of species to climate change are expected to be influenced by their
habitat requirements (pelagic, demersal, deep-water species), life-history
characteristics (short-lived or long-lived; specialist or generalist), and trophic position
within the ecosystem (apex predators or forage fish). Although the early life stages of
many pelagic fish species reside in demersal habitats, and those of many demersal
fish are pelagic, fish that are strictly pelagic (all life stages) inhabit water masses with
certain abiotic conditions whose spatial distribution may change as a result of climate
change. On the other hand, demersal fish may have specific habitat requirements that
are geographically fixed by their seabed characteristics.

Environmental conditions tend to be more constant at greater depths, although deep-
water fish may be influenced indirectly by changes in productivity in levels above
(food availability) and by changes in deep-water currents. Generalists can adapt to
prevailing patterns of food availability, whereas specialists depend strongly on the
success of particular prey organisms. Short-lived species, characterized by high
reproductive rates (so-called r-strategists), are likely to respond to changes in their
environment relatively rapidly, whereas long-lived species (K-strategists) will be
slower (Perry et al., 2005). The ability to respond to changes in their environment will
apply to both an improvement and a deterioration in environmental conditions. This
leads to the second set of hypotheses.

e H2a. Pelagic and demersal species will differ in their distributional
responses, because the former can respond to changes in water masses
more easily than the latter, which may have more geographically fixed
habitat requirements.

e H2b. Deep-water fish species will be less affected by climate change than
shelf or coastal species.

e H2c. Fish species with narrow dietary preferences will be more sensitive to
climate change than generalists.

e H2d. Short-lived species will demonstrate stronger responses and will be
better equipped to adapt to changes in their environment than long-lived
species.

Populations can survive in systems where habitats suitable for different life-history
stages are available and connected, allowing life cycle closure (Sinclair, 1988). If the
habitat for a particular life-history stage is spatially restricted, a change in habitat
suitability of this stage will make the species more sensitive to climate change than
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species, which do not have spatially restricted habitat requirements. Populations
living in areas with a large heterogeneity in environmental conditions, or which
migrate over large distances, will be more able to survive by selecting appropriate
environments than populations , which live in large areas with a more homogeneous
environment. This leads to the third set of hypotheses.

e H3a. Species with spatially restricted habitat requirements during part of
their life history will be more sensitive to climate change than species
without specific habitat requirements.

e H3b. Fish populations in oceanographic systems with a high variety of
mesoscale features will be less sensitive to climate change.

Fishing will reduce the size and age structure of a population and reduce its “bet
hedging” capabilities, thus allowing it to respond to conditions suitable for the
survival of eggs and larvae (Rothschild, 1986; Ottersen et al., 2006). Also, fishing may
lead to a reduction in genetic variability that would negatively affect the possibilities
of an evolutionary response to climate change and the ability of depleted stocks to
recover (Anderson et al., 2008).

e H4. Fish stocks under climate change will be more vulnerable to fishing
pressure.

The ecosystem response to climate change will depend on the response of the
individual species and the resulting effect on trophodynamic interactions among
species. Different species within a foodweb will not all respond the same way to
climate change. Species-rich systems, characterized by many weak, readily
interchangeable feeding links rather than a few strong links, will probably be more
stable, because different species may take over vacant ecological functions (Link,
2002) and may be more resilient (Frank et al., 2007) in light of climate change. Climate
change will not necessarily lead to gradual and predictable changes in fish
populations and ecosystem state. Ecosystems may demonstrate multiple stable
equilibriums, and climate change may push systems into a new equilibrium (Scheffer
and Carpenter, 2003). Once a regime shift has occurred, it may be disproportionately
difficult to return to the original state (Beaugrand, 2004; Daskalov et al., 2007;
Mollmann et al., 2008).

e Hba. Ecosystems with a simple trophic structure will demonstrate more
rapid responses to climate change than ecosystems with a more complex
trophic structure.

e H5b. Changes in ecosystem structure caused by climate change will be
abrupt.

The introduction of non-native species to a marine ecosystem and its subsequent
establishment may cause effects that range from almost undetectable to marked (e.g.
the complete domination and displacement of native communities; Eno et al., 1997).
Improved environmental conditions, as well as new shipping routes, will facilitate
the spread of warm-water fish species and pathogens. New species may be
introduced to the Arctic as a result of ice-free shipping routes (ACIA, 2004), and
further colonization of the Mediterranean by tropical species through the Suez Canal
can be anticipated.

o H6. With improved local conditions, an increasing number of exotic warm-
water fish species (and fish pathogens) will become established in
European waters.
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24.5 Observed changes in distribution and abundance

This section reviews changes in distribution, abundance, and growth of a selection of
fish species in the Northeast Atlantic (Table 24.1) against the background of the above
working hypotheses. The species selected were those for which sufficient data were
available (commercially important species) and those which represented different
ecotypes, combining biogeographic affinity (Lusitanian, Boreal, Atlantic), habitats
(pelagic or demersal; Atlantic or shelf), and longevity (short, medium, long).

Changes in abundance and distribution of Northeast Atlantic marine species support
the first set of hypotheses. Lusitanian species have increased in recent decades (sprat,
anchovy (Engraulis encrasicholus), horse mackerel (Trachurus trachurus), red mullet
(Mullus surmuletus), John dory (Zeus faber)), particularly at the northern limit of their
distribution areas, whereas Boreal species generally decreased at the southern limit of
their distribution area (cod, plaice), but increased at the northern limit (cod). A shift
in distribution to deeper waters was recorded in the Boreal species cod and plaice
(Hedger et al., 2004; Perry et al., 2005; van Keeken et al., 2007; Dulvy et al., 2008).

Comparison of the changes in distribution between pelagics and demersals provides
support for the second set of hypotheses. For the pelagic species, changes in
distribution patterns have been observed that are related to climate-induced changes
in the distribution of their food (herring (Clupea harengus), Toresen and Jstvedt, 2000;
Corten, 2001a, 2001b; horse mackerel, Borges et al., 1996; Iversen et al., 2002; mackerel
(Scomber scombrus), Reid et al., 2001b; ICES, 2007i). Changes in plankton have been
linked to changes in climate (Beaugrand et al., 2002; Richardson and Schoeman, 2004).
A comparison between demersal and pelagic species tentatively suggests that
changes in the distribution of the former are smaller than those of the latter. The
northward shifts in cod have been related to the transport of eggs and larvae (pelagic
life stages), but not to a northward movement of the later (demersal) life stages
(Rindorf and Lewy, 2006).

With regard to the underlying mechanisms, available evidence suggests that
observed changes in productivity are, at least partly, related to a climate-related
change in recruitment (herring, anchovy, sprat, cod, plaice, sole), either because of
higher production or survival in the egg or larval stage (herring, anchovy, sprat, cod),
or because of a change in the quality or quantity of the nursery habitat (plaice, sole).
In sole and plaice, there is evidence that the timing of spawning is influenced by
temperature during the spawning period (Teal ef al., 2008). In the Northwest Atlantic,
such an effect is also reported for cod (Hutchings and Myers, 1994b). The negative
relationship between recruitment and temperature in sole in the North Sea contrasts
to the expected positive relationship in this Lusitanian species.

Temperature-related changes in growth were reported for cod (Brander, 1995; Dutil
and Brander, 2003; Section 17) and age-0 sole and plaice (Teal ef al., 2008; Sections 20
and 21). The mean length of sole, a Lusitanian species, has increased in autumn
because of an increase in growth rate as well as an increase in duration of the
growing season. However, no change in mean length was observed in plaice, a Boreal
species that exhibited an increased growth rate early in the season but a reduced
growth rate during summer, when temperature exceeded its optimal temperature.
Growth rates of older age groups of sole and plaice demonstrate a dome-shaped
pattern since the late 1950s, with relatively high growth rates between the mid-1960s
and mid-1980s, which were not correlated with changes in temperature (Millner and
Whiting, 1996; Rijnsdorp and van Leeuwen, 1996). Available data do not allow a
quantitative comparison of the relative effects of cdimate-induced changes in
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recruitment and in juvenile and adult growth rates on productivity. The results of the
selected species did not allow hypotheses 3-5 to be tested.

With regard to the hypothesis on invasive species (hypothesis 6), there is strong
evidence that increasing connectivity between geographically distinct areas may
result in major changes in ecosystems (see also Section 10). The opening of the Suez
Canal in 1869 allowed entry of Indo-Padfic and Red Sea biota into the southeastern
Mediterranean, where these so-called "Lessepsian migrants" now dominate the fish
community (50-90% of fish biomass). For many decades, this migration was very
limited, partly because of extremely high salinity within the Suez Canal, where dry
salt valleys had existed previously. With the warming trend of seawater and a
significant drop in the canal's salinity to normal marine levels (Mavruk and Avsar,
2007), record numbers of newly established non-native fish species have recently
been observed in the southeastern Mediterranean, leading to the creation of a human-
assisted Erythrean (Red Sea) biotic province (Goren and Galil, 2005). Trans-local fish
species, such as the round goby (Neogobius melanostomus), have also become
established in the Baltic Sea (Karlson et al., 2007).

Discussion

We propose a framework for the study of the impact of climate change on fish
populations and derive a set of testable hypotheses based on first principles. Similar
to that of Harley er al (2006), the framework recognizes that climatic factors will
affect successive life-history stages (eggs, larvae, juveniles, adults) in different ways
and via processes acting at all levels of biological organization (from organismal-level
physiological responses to population-level disturbances to ecosystem-
level/trophodynamic impacts). The different levels of organization can be viewed as a
mechanistic chain. Population-level processes will only operate within the
appropriate physiological envelope of abiotic conditions. Equally, ecosystem-level
processes will only be relevant when life-cycle closure is possible within the specific
geographic location, providing interconnection between suitable habitats of
successive life-history stages. This framework structures the analysis of the published
data and provides the basis for modelling studies to test hypotheses. In our analysis,
we have focused mainly on the effects of temperature, although other factors may be
incorporated.

Knowledge of the ecophysiology of different life stages will provide a strong basis
from which to infer the response of a species to a change in temperature (and other
climate-driven changes in abiotic factors). It will allow us to define the bioclimate
envelope and to evaluate the change in habitat suitability for different life stages
(Pearson and Dawson, 2003) or whether observed temperature changes may be
responsible for the change in population abundance (e.g. for eelpout (Zoarces
viviparus) in the Wadden Sea; Portner and Knust, 2007). Although we have dealt
mainly with temperature, climate change may also affect oxygen, salinity, and ocean
pH. These factors may load the metabolic scope and decrease the tolerance range of
the organism (Fiy, 1971), subsequently making it more vulnerable to climate change.

Ecophysiological data can also indicate whether or not species or species groups may
differ in sensitivity to change in temperature affecting trophic relationships. A review
of experimental data on optimum temperature and temperature-tolerance ranges of a
number of fish and (epi-)benthic invertebrate species demonstrated clear species
differences, suggesting that an increase in temperature will lead to a shift in
predation pressure from cod and gobies to brown shrimp (Crangon crangon; Freitas et
al., 2007). If the temperature sensitivity of species groups, such as autotrophs and
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heterotrophs, ectotherms and endotherms, and taxonomic groups of different
complexity, differ in a systematic manner, this will provide a basis for predicting the
effects of temperature change on species and species interactions. Research into
differences in sensitivity among species (groups), as well as the underlying
mechanism, is needed.

Although climate change may influence vital rates and productivity of a fish stock
(growth, mortality, and recruitment), we suggest that early life-history stages will be
most sensitive to the effects of climate change. The underlying mechanisms may
differ among species or stocks and will depend on trophic position (Frank et al., 2007).
The importance of processes affecting early life-history stages to the determination of
productivity of a fish stock is corroborated by a literature review of a selected
number of well-studied species in the Northeast Atlantic, indicating the importance
of temperature effects on the level of recruitment (Table 24.1). Moreover, multi-
decadal changes in ocean climate have been driving changes in recruitment and
productivity in the North Atlantic and Pacific Ocean (Lehodey et al., 2006). Climate-
related changes in growth of recruited life-history stages may influence fish
productivity (Dutil and Brander, 2003; Lehodey et al., 2006), although this effect may
be confounded by a change in intra- or interspecific competition for food. Global
warming will reduce the probability of low winter temperatures, leading to
improved survival of both southern species and fish of small body size (Post and
Evans, 1989). A critical test of whether or not this inference holds true has yet to be
performed. Most studies in the literature have focused on a specific part of the life
cycle and did not attempt to study all processes in an integrated manner. Dutil and
Brander (2003) distinguished between the effects of temperature on growth and
recruitment, but were unable to measure recruitment independent of growth rate
prior to recruitment to the fisheries.

Given the complexity of the problem, where climate change is a multifaceted driver
and the affected fish population is also multifaceted, we believe that scientific
progress will benefit from an approach whereby a priori hypotheses are formulated,
based on first principles of the relevant levels of organization. The hypotheses
proposed here are certainly not complete, but should be viewed as a first set. These
hypotheses seek to compare species and species groups that have contrasting
ecological characteristics and, therefore, are likely to differ in their responses to
climate change. The classification of species into ecotypes, based on biogeographic
affinity, habitat requirements, and life-history characteristics, may be an important
starting point. The review of a number of well-studied fish species in the Northeast
Atlantic did not allow us to test each of the working hypothesis, but supported the
hypotheses that species exhibit distributional shifts (latitude and depth) in response
to temperature increase, and that the response of pelagic species is stronger than that
in demersal species, corroborating a number of recent studies on changes of fish
assemblages (Attrill and Power, 2002; Beare et al., 2004; Genner ¢t al., 2004).

We argue that understanding the complex impacts of climate on a species will require
an integrated, life-cycle approach that examines the importance of different
mechanisms acting on all life stages and identifies those developmental stages and
mechanisms most critical for life-cycle closure and recruitment. Examples of this type
of approach include the body of work performed on Baltic cod and sprat (e.g. Koster
et al., 2003b, 2005; Mollmann et al., 2008), which highlights the possible complex
feedback among elements of our framework (i.e. impacts of physiology on behaviour,
behaviour on top—down processes, and climate-driven physical forcing on bottom-—
up processes).
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Table 24.1. Review of the observed changes in distribution, abundance, and production related to

climate change in a selection of commercially exploited fish and shellfish species of contrasting

ecotypes (Section 2). Ecotypes were defined as a combination of the following characteristics:

habitat (pelagic or demersal; Atlantic or Shelf), biogeographic affinity (Atlantic, Lusitanian, or

Boreal), and longevity (long, medium, or short).

CHANGE COMMENTS

Pelagic species
Atlantic herring (Clupea harengum Shelf, Boreal, Medium

Multldecadal variations related to climate
variations (Russell cycle) and fisheries. Great
salinity anomaly affected larval transport in
North Sea. Recruitment related to
temperature; positive relationship In
northern population (Norwegian spring-
spawning herring)

Herring populations
demonstrate multldecadal
variations

Norwegian spring-spawners:
changes in overwintering,
feeding, and spawning areas;
North Sea herring: more
northern distribution with
warmer temperatures

Distribution changes related to changes In
food distribution

Anchovy (Engraulisencrasicolus Shelf, Lusitanian, Short

Increase In abundance In
northern areas (North Sea);
decrease In Bay of Biscay

Increase in North Sea may be temperature-
related; change In Bay of Biscay related to
fishing; role of climate uncertain

Sprat (Sprattus sprattud): Shelf, Lusitanian, Short

Increase In abundance and
production In Baltic; stock
collapse In Black Sea

Increased recruitment at higher temperature
(and reduced cod predation) at northern
limit (Baltic) and decrease at higher
temperature at southern limit (Black Sea)

Mackerel (Scomberscombrus Atlantic, Atlantic, Long

Northward shift Inspawning and
feeding areas; earlier spawning;
Increased variation In
recruitment

Horse mackerel ( Trachurus trachurus Atlantic, Lusitanian, Long

Increase in northern areas Increase in north related to change in

migration to feeding areas
Sandeel (Ammodytes marinum/Shelf, Boreal, Short

Decrease In North Sea sandeel
biomass In2000s

Mismatch of larvae and their Zooplankton
food

Demersal species
Atlantic cod ( Gadus morhua) ! Shelf, Boreal, Long

northeast Arctic cod: increase in recruitment
at higher temperatures (overfishing

Increase In abundance In
northern areas at higher water

temperatures Increased sensitivity of the relationship);
temperature-related shifts in spawning sites
Growth Body growth is strongly temperature related

Productivity changes in Baltic
related to Inflow of saline
Atlantic water

Volume of spawning habitat where eggs and
larvae can survive depends on inflow of
saline water from North Sea

Recruitment related to climate effects on
Zooplankton production and to temperature;
also, high fishing pressure

Decrease In abundance In
southern areas (e.g. North Sea)

Northward shift In distribution
within North Sea

Likely owing to different fishing pressure and
local survival of eggs/larvae

SOURCE

Alhelt and Hagen
(1997), Cardinale et
al. (2009), Corten
(1986, 2001b),
Mackenzie eta/.
(2007), Toresen and
Ostvedt (2000)

Holst et al. (2002),
Toresen and Ostvedt
(2000), Corten
(2001a, 2001b)

Boddeke and
Vingerhoed (1996),
Mackenzie eta/.
(2007)

koster et al.
(2003b), Mackenzie
and koster (2004),
Moéllmann et al.
(2008), Daskalov et
al. 2007)

Reid et al. (2001b),
ICES (20071)

Iversen eta/. (2002),
Borges et al. (1996)

Arnott and Ruxton
(2002), ICES
(20060)

Heath (2007a),
Planque and Frédou
(1999), Ottersen et
al. (2006)

Brander (1995)

Sparholt (1996),
Mackenzie eta/.
(2000)

O’Brien et al.
(2000), Beaugrand
eta/. (2003)

Hedger et al. (2004),
Perry et al. (2005),
Rindorf and Lewy
(2006)
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CHANGE COMMENTS

Shift to deeper waters in North
Sea

No evidence for cod actively swimming north
or to deeper water

Red mullet (Mullus surmuletus): Shelf, Lusitanian, Medium

Marked increase in northern
parts of distribution, northward
range expansion

Probably related to temperature; e.g. in
North Sea, during summer mainly in
(warmer) southeast, during winter mainly in
northwest (then warmer); historically, has
also had more northerly distributions during
earlier warm periods

John dory (Zeus fabef): Shelf, Lusitanian, Medium

Marked increase in northern
parts of distribution

Probably related to temperature; entering
North Sea mainly from northwest

Plaice (Pleuronectesplatessd): Shelf, Boreal, Long

Distribution shift to deeper
waters (North Sea)

Temperature a likely cause, although other
factors may have contributed

Decrease In abundance In
southern nursery grounds (Bay
of Biscay)

Recruitment negatively related
to temperature in waters around
UK

Timing of spawning advanced in
warm years (North Sea)
Changes in growth do not
correlate with temperature,
except in age-0 groups

Sole (Soleasoled): Shelf, Lusitanian, Long

Growth related to population abundance,
eutrophication, and bottom trawling; growth
of age-0 groups determined by temperature

Recruitment related to river run-
off (Bay of Biscay,
Mediterranean Sea)

Nursery habitat quality/quantity increases

Recruitment negatively related
to temperature in North Sea and
positively In the Bristol Channel

Timing of spawning advanced in
warm years (North Sea)

Length at end of first year
increases with temperature.
Changes in growth of older fish
do not correlate with
temperature

Growth of age-0 group determined by
temperature and length of growing season.
Growth of older age groups related to
population abundance, eutrophication, and
bottom trawling

Shellfish species
Brown shrimp (Crangoncrangoif): Coastal, Boreal, Short

Increase In abundance In North
Sea and Iceland

Increase likely owing to higher temperature
(Iceland, North Sea) and reduced predation
(North Sea)

Norway lobster (Nephrops norvegicus): Shelf, Lusitanian, Medium

Increase in northern areas,
decrease in southern areas

Probably combination of reduced predation
in north (owing to cod declines), temperature
changes, and effort

SOURCE

Hedger et al. (2004),
Neat and Rlghton
(2007)

Beare eta/. (2005),
Enghoff (2000)

Beare eta/. (2004)

Perry et al. (2005),
van Keeken eta/.
(2007)

Désaunay eta/.
(2006)

Foxeta/. (2000b)

Teal eta/. (2008)

Rijnsdorp and van
Leeuwen (1996),
Teal eta/. (2008)

Salen-Picard eta/.
(2002), Le Pape et
al. (2003),
Darnaudeet al.
(2004)

Rijnsdorp et dl.
(1992), Henderson
and Seaby (2005)

Teal eta/., 2008

Teal eta/. (2008),
Mlllner and Whiting
(1996)

Hufnagl and
Temming (2010),
Gunnarson eta/.
(2007)

Zuur et al. (2003),
Bjornsson and
Dombaxe (2004)
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