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INVITED REVIEW
Sea urchin grazing and Kkelp re-vegetation in the NE Atlantic

KJELL MAGNUS NORDERHAUG* & HARTVIG C. CHRISTIE

Norwegian Institute for Water Research (NIVA), Oslo, Norway

Abstract

Small-scale grazing events where sea urchins have grazed kelp forests to barren grounds have been reported all along the NE
Atlantic coast. One large-scale event has been reported where kelp forests along the Norwegian and Russian coast were
grazed by sea urchins during the early 1970s. The barren ground area has persisted since. Different theories to explain the
grazing event have been presented. This paper seeks to sort and summarize earlier published papers and national reports
and to critically examine the most important theories presented to explain the grazing event. The conclusion is that the
reason for the event is unknown and it is too late to find causes 40 years after it took place. However, new data and new
geographical analysis tools provide insight into the extent and consequences of this dramatic event, and show re-vegetation
of kelp forests in the southernmost area. Emphasis in future studies should be given to understand the reasons for shifts
between the two ecosystem states and take advantage of the ongoing shift. Such basic ecological knowledge could provide an
important basis for better understanding the system and further, to understand the extent to which other observed large-
scale changes (e.g. climatic changes, fish stock reductions) affect kelp forest-sea urchin interaction.
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Introduction Atlantic, while this paper is focused on the situation
in the NE Atlantic.

Naturally, various species of sea urchin inhabit
kelp forests in low densities in the North Atlantic
(Skadsheim et al. 1995; Steneck et al. 2004; Sjetun
et al. 2006), while densities during blooms may
exceed 100 individuals m? (Lang & Mann 1976;
Hjorleifsson et al. 1995; Sivertsen 1997a). These

aggregations of sea urchins form fronts that can

While destructive grazing by sea urchins has been
reported from both hemispheres, from different
latitudes, and has been reported to affect algal
communities, seagrass beds and coral reefs (e.g.
Lawrence 1975; Harrold & Pearse 1987; Birkeland
1989), large-scale shifts from highly productive,
pristine kelp forests to desert-like barren grounds

are mainly reported from temperate areas. Accord-
ing to Steneck et al. (2002, 2004), large brown
seaweeds (mainly kelps) have been predominant at
northern temperate (boreal) rocky coasts throughout
history, while mass occurrences of sea urchins and
over-grazing of kelp forests to barren grounds are
historically new events. These events are thought by
some authors to have been caused by human
activities that over-exploit predators of sea urchins,
producing cascading perturbations down the food
web (e.g. Estes et al. 1998; Tegner & Dayton 2000;
Steneck et al. 2002, 2004). Kelp-sea urchin inter-
actions are well studied in the Pacific and NW

remove macroalgae. Catastrophic shifts can switch
ecosystems into a new stable state (Scheffer et al.
2001) and the resulting barren grounds may be
dominated by sea urchins for decades (Elner &
Vadas 1990; Keats 1991; Sivertsen 1997b; Steneck
et al. 2004). The ability of sea urchin populations
to persist on barren grounds is due to great
phenotypic plasticity in response to low food
availability (Russell 1998). A large primary and
secondary production is lost and biodiversity is
lowered when these rich underwater forests are
denuded. Hence, there is a need for improving our
understanding of the processes that cause changes
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from one ecological state to the other, and to
understand the processes responsible for the persis-
tence of the two states. Blooms of sea urchins and
subsequent loss of kelp forests usually attract much
attention and are important issues for nature and
resource management, and have been intensely
studied in the NW Atlantic and in the NE Pacific
(Pringle 1986; Elner & Vadas 1990; Steneck et al.
2004). Although understanding of the importance
of the kelp forest of the NE Atlantic has increased
(Mann 2000; Christie et al. 2003; Norderhaug
et al. 2005; Bartsch et al. 2008), the largest affected
area of the Atlantic has largely been ignored by the
authorities: approximately 2000 km? of kelp forest
along the Norwegian and Russian coast was grazed
in the early 1970s and the sea urchin-dominated
barren grounds have persisted since.

Ecological processes responsible for maintenance
of the two states or shifts from one state to the other
have been debated by, for example, Elner & Vadas
(1990), but there are still many questions that need
to be answered (see Anon. 2002; Sivertsen 2006).
Particularly, data that can contribute to identify the
causes of sea urchin outbreaks and overgrazing of
kelp in the NE Atlantic are generally lacking (Anon.
2002; Sivertsen 2006). The hypothesis that preda-
tors regulate sea urchin densities is in some areas
well-documented (key stone predators like sea otters
in the east Pacific, see Peterson & Estes 2001;
predator functional groups among fish and larger
invertebrates, see Steneck et al. 2004; Hereu et al.
2005), and there are strong indications that over-
fishing of cod and other fish stocks has indirectly
caused outbreaks of sea urchins in the NW Atlantic
(Tegner & Dayton 2000; Steneck et al. 2004).

The kelp forest and barren ground state are
fundamentally different in ecosystem structure and
function: kelp forests are structurally complex,
diverse systems (e.g. Marstein 1997; Christie et al.
2003), which have been ranked among the most
highly productive systems on the planet (Mann
2000), while barren grounds are structurally simple
with low productivity (Chapman 1981) and low
biological diversity. Thus, over-grazing and forma-
tion of barren grounds cause cascading effects up the
food web (Branch & Griffiths 1988; Field et al.
1980), and probably lead to implications for fish
stocks and other organisms dependent on Kkelp
production and shelter. On the other hand, grazing
of kelp may be induced when sea urchins are free
from predation control because of over-exploitation
of sea urchin predators at higher food web levels
(Elner & Vadas 1990; Estes et al. 1998; Steneck et al.
2004). Thus, it may be questioned whether sea
urchin outbreaks are caused by over-fishing (Jackson
et al. 2001), or if declining fish populations in

coastal waters are due to the loss of kelp forests.
Also, over-fishing may start a self-reinforcing process
where the grazing of kelp forests further reduces
coastal fish stocks by removing nursery areas, food
sources and habitats.

This paper summarizes earlier published papers
and more unavailable information (national reports)
to update the status of knowledge and understanding
of sea urchin grazing in the NE Atlantic. Emphasis is
put on presenting recent and as yet unpublished data
on changes in the distribution of barren ground and
kelp forest along the Norwegian coast. For under-
standing the ecological implications of shifts be-
tween kelp forests and barren grounds, new and
recent published data regarding the importance of
kelp as habitat are discussed. We also want to
identify the most important gaps of knowledge that
need to be filled in order to make hypotheses for
future studies focused on the understanding of
causes and consequences of this ecological cata-
strophe. For the understanding of the NE Atlantic
situation, it is important to take advantage of the
more intensive research that has been done for many
years in the N'W Atlantic, which is a system with
many similarities to the NE Atlantic. The NE and
NW Atlantic share important ecosystem and domi-
nant species similarities. In both regions, Strongylo-
centrorus droebachiensis (O.F. Miiller, 1776) is the
dominant grazer, Lawunaria kelp the dominant
primary producer, and predators include amphi-
pods, crabs within the genus Cancer and Hyas and
cod (Gadus morhua, Linnaeus, 1758) (McNaught
1999; Anon. 2002; Leland 2002; Leland et al. 2002;
Steneck et al. 2002). However, there are also
important differences between the NW and the NE
Atlantic, e.g. the dominant Kelp in the NW
is Lamunaria longicruris (de la Pylaie, 1824) while
L. hyperborea ((Gunnerus) Foslie, 1884) dominate in
the NE. Thus, results and explanations concerning
kelp-sea urchin interactions in the NW Atlantic
cannot be used in the NE Atlantic without caution.

Small-scale grazing events reported from the
NE Atlantic

Small-scale local events of overgrazing of macro-
phytes by different species of sea urchins have been
reported from the entire NE Atlantic. The southern-
most incident is described by Clemente et al. (2007),
who found local areas overgrazed by Diadema antil-
larum (Philippi, 1845) in the Canary Islands. In
France, Boudouresque et al. (1980) described Para-
cenrrorus hvidus (Lamarck, 1816) as being responsible
for grazing macrophytes, and they also observed mass
mortality in local sea urchin populations. Paracentro-
tus hvidus is also described as an important grazer at
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different sites in the Mediterranean (Hereu et al.
2005) and is reported to have caused local grazing of
macroalgae in Lough Ine in Ireland (Norton 1978).
In the UK, an episode of grazing of the kelp
Laminaria hyperborea by high densities of the red sea
urchin Echinus esculentus (Linnaeus, 1758) was re-
ported by Jones & Kain (1967). The green sea urchin
Strongylocentrotus droebachiensis (also responsible for
over-grazing of marine vegetation in both the NW
Atlantic and in the N Pacific) is found all along the
Norwegian coast (see below) and as far south as
Swedish (Vasseur 1952) and Danish waters (Kattegat).
Both Psammechinus wiharis (Gmelin, 1778) and
S. droebachiensis have recently been reported to graze
destructively, and to an increasing degree caused
destructive grazing on vegetation related to boulder
reefs in Denmark (Dahl et al. 2005; Artebjerg 2007;
Dahl & Carstensen 2008).

Local grazing by S. droebachiensis has also been
reported from the northernmost coasts of the
Atlantic, Jan Mayen Island (Gulliksen et al. 1980)
and the Svalbard archipelago (Gulliksen & Sandnes
1980), and into the Barents Sea (Novaja Semlja:
Nordenskiold 1880). Also, before the large over-
grazing event along the Norwegian coast that took
place 30-40 years ago (see below), there is evidence
for high local densities of green sea urchins and
destructive grazing in several fjords along the Nor-
wegian coast (Mortensen 1943; Vasseur 1952;
Anon. 2002). These events have later been con-
firmed by divers, own observations, and student
theses (Frid & Thomassen 1995; Fredriksen 1999).

On a regional scale, Einarsson (1994) and
Hjorleifsson et al. (1995) have described the dis-
tribution of the green sea urchin S. droebachiensis
around Iceland, and found high densities and
over-grazing in a few areas, particularly in fjords.
Hjorleifsson et al. (1995) described a sea urchin
front during grazing moving through a kelp forest
from deeper water towards the shore.

Large-scale grazing along the Norwegian and
Russian coast

The most extensive and also long-lasting event of
over-grazing in the NE Atlantic occurred along the
Norwegian and Russian coast. Vast areas of Lami-
naria hyperborea kelp forests were reported to dis-
appear due to grazing by the green sea urchin
Strongylocentrotus droebachiensis at the start of the
1970s. This phenomenon was first reported by
fishermen on the Norwegian coast, but later docu-
mented by a number of studies (Propp 1977;
Sivertsen & Bjorge 1980; Sivertsen 1982, 1997a,b,
2002a, 2006; Hagen 1983, 1987; Sivertsen &
Wentzel-Larsen 1989; Skadsheim et al. 1993,
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1995; Christie & Rinde 1995). Historical data
suggest that Relp forests dominated rocky substrates
in shallow waters along the Norwegian coast before
1970 (Grenager 1955, 1956, 1958; fishermen and
kelp trawling industry reported observations), and
only a few local grazing events by Strongylocentrorus
and Echinus were reported before 1970 (in 1847,
1900, and 1935; see Anon. 2002). The start of this
large-scale grazing event probably occurred more or
less simultaneously and was reported from mid-
Norway (from 63°30° N) and northwards to north of
71° N and continued into the Russian waters (Mur-
man and Kola area; Propp 1977). According to
Levin et al. (1998), S. droebachiensis is mainly
confined to shallow waters in the south western
Barents Sea (Murman coast and southern parts of
Spitsbergen), but is rare or absent around Franz
Josefs Land and the Laptev and Kara Sea. On the
Norwegian coast, the outermost wave-exposed areas
were still covered by kelp, while the less-exposed
areas were dominated by sea urchins (Sivertsen
1982, 1997a; Skadsheim et al. 1995). On the barren
grounds, densities of 20120 sea urchins m ™ have
been found. Based on data on kelp distributions
from the 1960s, Sivertsen (1997b) roughly estimated
the total affected area on the Norwegian coast to be
2000 km?, but accurate estimates of kelp distribu-
tion and affected areas have not been made.

The distribution of kelp and barren grounds along
the Norwegian coast has not been monitored sys-
tematically, but the distribution of kelp forests and
barren grounds have been observed in a number of
studies. The sea urchin dominated barren ground
phase has now, with a few small-scale exceptions,
dominated the affected area in Norwegian and
Russian waters for almost 40 years (e.g. Christie
1998; Levin et al. 1998; Sivertsen 2002a,b;
Norderhaug & Christie 2007). Both Hagen (1987,
1995) and Christie et al. (1995) reported local sea
urchin mortality and kelp re-vegetation, later fol-
lowed by new grazing events.

Recent development

On a regional scale, a shift from barren ground to
kelp forest is presently occurring in mid-Norway. A
northward movement of the southern border be-
tween kelp forest dominated areas and sea urchin
dominated barren grounds has occurred since the
late 1980s (Figure 1). Rov et al. (1990) found kelp
forest re-vegetation on earlier barren grounds
around the island Freya (at 63°40’° N), and reduced
densities of sea urchins on other sites near the
southern border (when compared to the findings of
Sivertsen 1982). A further reduction of sea urchin
densities followed by kelp re-vegetation was later
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Norwegian Sea

Barent Sea

Figure 1. Retreating sea urchins. Movement of the border between kelp-dominated areas and barren ground from 1980 until 2007. The
barren ground area had its largest extent in 1980 where the border extended south to 63°30' N (Sivertsen 1982). Rov et al. (1990) showed
that the border had moved to 63°40' N by 1990 and in 2000 the border had at least moved to 64T0' N (Sjotun et al. 2001). In 2007 the

border was situated at 65°30' N (Norderhaug & Christie 2007).

documented by Skadsheim et al. (1993, 1995), and
Christie & Rinde (1995) found a northwards move-
ment ofthe border between barren grounds and kelp
forests from 1990 to 1995. In 2000 the border had at
least reached 64°10' N (Sjotun et al. 2001).

New, efficient sampling techniques combined
with new software for spatial modelling and map-
ping (Lehman et al. 2002) provide powerful tools
for describing the distribution of barren grounds
and hence quantify the grazed areas. Recently,
comprehensive data sets describing the distribution
of kelp and barren grounds in the area around the
southern border for the barren grounds were
sampled by use of drop camera (including 833
stations; see Norderhaug & Christie 2007). These
data confirm that the southern border between vast
areas with barren ground and dominance of kelp
forests has moved northward and was in 2007
situated at 65°30/ N.

Binomial data of kelp forest presence/absence
(between south of Vikna 64 43'N and north of
Vega 65°30/N) was used as response in a GAM
(generalised additive model, GRASP software:
Lehman et al. 2002) to analyse the distribution of
kelp and barren grounds in the border area. The
response data were analysed with respect to the
available physical and topological data from the area
(predictor variables). The predictors were depth,
wave exposure, slope and latitude. Depth is im-
portant for light conditions and the growth of kelp
(Sjotun et al. 1995) down to 25-30 m, and depth
also has an influence on the distribution of sea
urchins (highest abundances on shallow subtidal

hard bottom; Sivertsen & Hopkins 1995). Wave
exposure is both important for the occurrence and
growth of kelp (L. hyperborea is dependant on
strong or moderate exposure; Sjotun et al. 1998)
and the survival and growth of sea urchins (sea
urchins avoid strong Himmelmann
1986). Modelled wave exposure (according to Is@us
2004) was used in the analysis. Topological condi-
tions may be expected to affect where kelps grow
and where sea urchins can graze effectively (e.g.
steep walls contra gentle slopes). Along the Norwe-
gian coast, the kelp forests are grazed in the north
but not in the south (which could, for example, be
related to temperature or climatic-driven processes
as well as biological processes: see later). Therefore,
latitude was included as a factor in the model. All
the predictors were included in a full model and
significant predictors were selected according to the
Aikake Selection Criterion (AIC; see Burnham &
Anderson 2001). The selected statistical model was
cross-validated (see Lehman et al. 2002).

Laminaria hyperborea was found in shallow waters
from the surface and down to approximately 30 m
(Figure 2). It was found at many levels of exposure
(inner to outer coastal areas), but was most abun-
dant in outer highly exposed areas.

Of the tested predictors depth, exposure and
latitude had a significant impact on the distribution
of kelp within the examined area (Figure 3). Depth
had a negative effect, exposure a positive effect, and
latitude a negative effect northward. The explana-
tory power of the statistical model was high accord-
ing to cross-validation (cvROC =0.80).

exposure;



-70 -63 -56 -49 -42 -35 -26 -21 -14 -7
DEPTH <m)

LAT

Sea urchin grazing in the NE Atlantic 519

862 367263 733 664 1100 066 1699 667

SWM

SLOPE (degrees)

Figure 2. Occurrence of kelp {Laminaria hyperborea) in relation to different variables. Columns show total number of registrations for
different values of the variables depth, exposure (SWM), slope (SLOPE) and latitude (LAT, WGS84 UTM 33). Dark shading shows the
registration ofkelp and light shading no occurrence ofkelp. Solid lines show the proportion ofkelp registrations out ofthe total number of

registrations.

The probability of occurrence of kelp forest in the
border area was modelled in GIS (Figure 4a). The
prediction shows the border clearly. The area just
south of the border seems to be in an unstable
ecological phase between barren ground and kelp
forest (Figure 4b). This area is a mosaic of patches
with young, homogenous kelp forest and ‘pockets’
with green sea urchins Strongylocentrotus droebachien-
sis on barren grounds. Patches with scattered, young
kelps being grazed by red
escidentus were also observed, and increasing densi-
ties of the red sea urchin E. escidentus on recently re-
vegetated areas has also been observed further south
(Sjotun et al. 2006). In the outer wave-exposed
areas, old heterogeneous kelp forest (characterized
by kelps of different age and sizes, including large
kelps over-grown with epiphytic organisms on the
stipes) dominated. South of 64°43" N, heteroge-
neous and well-developed kelp forest dominates.
Here, few and mainly red sea urchins are observed.
North of 65°30" N, barren grounds with green sea

sea urchins FEchinus

urchins Strongylocentrotus droebachiensis dominate
and kelp forests are only found in highly exposed
outer areas.

-60 -40 -20 o 0
DEPTH (m)

500000

System stability and shifts between kelp forests
and sea urchin-dominated barren grounds

The kelp forest-dominated state

Kelp forests are stable ecosystems with a high
capability to withstand mechanical stress and recover
after disturbances (Einer & Vadas 1990; Christie
et al. 1998). The high persistence and resilience is
caused by high densities of (understorey) recruits
that quickly replace adults as they die or are thrown
off by waves or other disturbances (Christie et al.
1998; Rinde & Sjotun 2005; Sjotun et al. 2006;
Rinde 2007). Associated communities do also re-
cover shortly after disturbances (Christie et al. 1998;
Norderhaug et al. 2002; Waage-Nielsen et al. 2003).
Besides kelp (L. hyperborea), key components (func-
tional groups) of the kelp forest are: epiphytic
algae and fauna attached to the kelp stipes, mobile
invertebrates, and fish. Mature kelp stipes are
heavily over-grown by epiphytes, mainly red
algae (Whittick 1983; Marstein 1997) and sessile
animals (Schultze et al. 1990; Christie et al. 1998).
Large densities of mobile invertebrates, dominated
by crustaceans and gastropods, are associated with

1000000 1500000 7180000 7240000 7300000

SWM LAT

Figure 3. Relative effects within the GAM model from the significantly important predictors (depth, wave exposure (SWM) and latitude
(LAT, WGS84 UTM 33), Df) for the distribution ofkelp {Laminaria hyperborea, solid line) with 95% C.I. (dotted lines).
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Probability for occurence of kelp forest
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Figure 4. (a) Probability model for the distribution ofkelp in the border area between barren grounds and areas dominated by kelp in 2007.
In red areas there is a high probability for occurrence of kelp {Laminaria hyperborea), and in grey and black areas there is a low probability.
W hite areas are outside the fundamental niche for kelp or outside the area of which the model can predict probabilities (e.g. in fjords). The
spatial GIS model is predicted from statistical GAM models from the GRASP software (Lehman et al. 2002), with depth, wave exposure
(according to the SWM fetch model: Iseus 2004) and latitude as predictors and kelp occurrence as the response variable, (b) Stations in a
smaller area illustrating the mosaic ofdifferent bottom types just south of the kelp forest-barren ground border (marked with a rectangle in
2a). 1: Stations with scattered young Laminaria kelp being grazed by red sea urchins {Echinus esculentus). 2: Barren ground dominated by
red sea urchins. 3: Barren ground dominated by green sea urchins {Strongylocentrotus droebachiensis). 4: Young, homogenous kelp
{L. hyperborea) forest and few or no sea urchins. 5: Well-developed (old) kelp {L. hyperborea) forest and few sea urchins. 6: Laminaria digitata

forest. 7: Laminaria saccharina forest. 8: Soft bottom.

the kelp (Norderhaug et al. 2002; Christie et al.
2003). Fish aggregate over the kelp forest, in
between the kelps and on the sea floor (Fossa
1995; Norderhaug et al. 2005). Fresh kelp is not
the preferred food source of most grazers (see
Christie & Rueness 1998; Norderhaug et al. 2003),
but many species obtain their food from kelp-
produced carbon (Fredriksen 2003), and the major-
ity of the fauna feed on particulate organic matter
from kelp enriched by microorganisms rather
than grazing directly on kelp and epiphytic algae
(Norderhaug et al. 2003; Norderhaug 2004). Fish
predation, migration and space limitations contri-
bute to limit the amount of small grazers (Jorgensen
& Christie 2003; Norderhaug et al. 2005, 2007). All
these factors and a possible high functional redun-
dancy (see Duffy et al. 2001) among the kelp-
associated flora and fauna increase the persistence
and stability of the kelp ecosystem.

Sea urchins are scarce in this pristine kelp state.
Settlement of sea urchin larvae may be high both in

kelp forests and on barren grounds (Rowley 1989;
Schroeter et al. 1996; Christie & Rueness 1998), but
survival of post-settlement juveniles is typically low
in macrophyte systems (Christie & Rueness 1998;
Hereu et al. 2005). Kelp holdfasts are used as a
habitat by juvenile sea urchins (Christie & Rueness
1998), but holdfasts are also inhabited by possible
micro-predators including juvenile crabs and smaller
invertebrates (Christie et al. 2003; Woll et al. 2004)
that are found to prey on sea urchin recruits in the
NW Atlantic (McNaught 1999; Vavrinec et al. 2001;
Clemente et al. 2007; Scheibling & Robinson 2008).
Micro-predation may decimate entire cohorts of
juvenile sea urchins (McNaught 1999) and the
negative effect for juvenile urchins by kelp as a
predator habitat may be larger than the positive
effect as a refuge (Vavrinec 2003). Adult green sea
urchins are seldom found in dense kelp forest
(Hjorleifsson et al. 1995; Skadsheim et al. 1995),
but may accumulate along the edge ofkelp forests or



in clearings within the kelp forest (Norderhaug &
Christie 2007). Why adult green sea urchins are
hardly observed in dense kelp forests is not known.

Sea urchin aggregation and aggressive grazing

A behavioural change occurs when sea urchins aggre-
gate in fronts and start grazing down the kelp forest.
This perturbation is too large for the system to resist,
since the main primary producer (kelp), the structural
habitat, and thus, all species at higher ecosystem levels
(except sea urchins) vanish. The reason why green sea
urchins change their behaviour to form fronts and
initiate aggressive grazing has been debated for
decades, but none of the suggested hypotheses have
been supported by scientific data (Vadas & Steneck
1995; Anon. 2002). The behavioural change of sea
urchins is most likely caused by abrupt increases in
population density, driven by changes in either pre- or
post-settlement processes or both.

Sivertsen (1997b, 2006) claims that successful
recruitment of sea urchins is rare, and suggests that
pre-settlement processes are important in control-
ling adult population size. Sivertsen (2006) found a
correlation between the abundance of pelagic echi-
noderm larvae and low water temperature, and used
this observation to conclude that extensive settle-
ment and subsequent recruitment of sea urchins
leading to strong cohorts would be a rare and
unpredictable event driven by climatic conditions.
However, whenever it happens, it may increase the
abundance ofsea urchins to a level where it triggers a
behavioural change leading to aggressive grazing, a
situation that may then prevail for decades until the
strong cohort dies.

Although appealing, we lack strong data to sup-
port this theory since the monitoring data used
by Sivertsen (2006) considered all echinoderm
larvae and were obtained from deep water samples
collected far from the coastline. On the other hand,
some observations may provide support for this
theory. For example, some observations from
Norway (Sivertsen 2006) and Iceland (Hjorleifsson
et al. 1995; Hjorleifsson and colleagues, personal
communication) show that entire sea urchin popula-
tions can be comprised of one or a few cohorts, thus
providing indirect evidence that pre-settlement pro-
cesses (i.e. enhanced larval survival and subsequent
settlement) may be important. We suggest that
future studies should focus on sea urchin on-site
settlement and recruitment combined with cohort
studies over years as a basis to be able to understand
the importance of these processes.

On the other hand, Hereu et al. (2004, 2005) and
Clemente et al. (2007) argue that post-settlement
processes are more important for the regulation of
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sea urchin population size. Sivertsen (2006) pre-
cluded the importance of predation control of sea
urchins along the Norwegian coast based on esti-
mates of predation rates combined with abundance
estimates of some of the most obvious predators on
sea urchins. However, reliable estimates of the
impact of predation are difficult to make based on
such numbers, and the importance of predation
control on sea urchin populations may be different
during the outbreak phase and in the barren ground
phase. Studies from the NW Atlantic suggest,
however, that predation from fish and invertebrate
predators on juvenile and adult sea urchins is the
most important factor controlling sea urchins abun-
dance (Vavrinec et al. 2001; Steneck & Carlton
2001; Leland et al. 2002; Steneck et al. 2002). If the
controlling predator(s) is (are) removed for some
reason, cascading effects may be expected, and sea
urchin numbers should increase (Steneck et al
2004). However, we lack proper population analyses
and studies that can identify the causes of mortality
and potential predator impacts on different life-
stages of sea urchins. This is needed to assess if
predation is important in regulating urchin abun-
dance in NE Atlantic.

So far, the reasons behind sea urchin blooms in
the NE Atlantic are not fully understood, but
potentially important interactions between kelp, sea
urchins and possible predators are summarized in
Figure 5. Finally, sea temperature, other environ-
mental factors, and predation pressure on pelagic
larvae will influence sea urchin recruitment success.

IL

Invertebrate b Fish
Predators Predators
ft
Kelp a Sea urchin
adults recruits
ft
Kelp Sea urchin
recruits adults

Figure 5. Conceptual figure describing possibly important inter-
actions (arrows) between kelp (Laminaria hyperborea), sea urchins
&Strongylocentrotus droebachiensis) and potentially important pre-
dators. Black arrows indicate a negative effect and white arrows
a positive effect, (a) Adult kelp provides a habitat for sea urchin
recruits, invertebrate predators and a nursery area and habitat for
fish, (b) Invertebrate and fish predators prey on sea urchin
recruitment, (c) If sea urchins become abundant they aggregate
and graze down the kelp forest. Then the kelp and associated
predators are lost and only sea urchins survive, (d) When the kelp
forest is lost, sea urchin populations prevent kelp from re-
establishing by grazing.
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The barren ground state

Having removed the kelp forest, sea urchins prevail
on the barren ground in a new stable state (Elner &
Vadas 1990; Sivertsen 1997a,b). The kelp habitat
and, thus, most of the sea urchin predators that live
associated with kelp have disappeared, leaving the
sea urchin populations more or less undisturbed. Sea
urchins may live for many years (Russell 1998; Vadas
et al. 2002; Ebert & Southon 2003), but the fact that
the barren ground has lasted for almost 40 years in
Norwegian waters indicates that recruitment to the
adult population is needed in order to sustain the
high population density. However, the survival of
post-settlement juveniles is probably sufficient for
maintaining high population density on the barren
grounds (Christie & Rueness 1998; Hereu et al.
2004). The juvenile urchins recruit to the adult
population after about two years (Himmelmann
1986; Sivertsen 1997a). Sea urchins on barren
grounds feed on drift algae and newly settled algae
(Chapman 1981), but food supplies on barren
grounds are typically low. Consequently, the condi-
tion of adult urchins is sub-optimal and mortality
tends to be high (Sivertsen 1997a; Christie &
Rueness 1998). Christie & Rueness (1998) sug-
gested, therefore, that barren ground populations
depend on regular recruitment to prevent a popula-
tion crash, but this idea is being debated by other
authors, who suggest that urchin populations on
barrens grounds only need occasional recruitments
due to a long life span (Sivertsen 1997b; Vadas et al.
2002). Sivertsen (2006) suggested that recruitment
strategies may differ with latitudes, but this has not
been studied by repeated sampling of recruitment
and mortality between years.

The distribution of local sea urchin populations
inside fjords seems to be controlled by salinity and
fjord circulation. Fredriksen (1999) found Strongy-
locentrotus droebachiensis occurring below the halo-
cline in the Oslo fjord, South Norway, and similar
occurrences have been observed in fjords further
north (personal observations). A possible explana-
tion for the maintenance of isolated fjord popula-
tions is that S. droebachiensis is trapped in cold and
saline waters below the halocline (according to
Lange 1964), and by spawning in deeper waters
larvae are kept inside the fjords and avoid being
flushed out by warm and less saline surface water
typical for these fjord systems (estuarine circula-
tion). This seems to be valid at least for several fjords
with shallow sills, where cold and saline waters
dominate in the layers below the halocline and
support 8. droebachiensis further south than in
coastal water.

Reduction of sea urchins and re-establishment of kelp
forests

Since the barren ground state seems persistent, some
sort of perturbation may be necessary to induce a
shift from barren ground to kelp forest state. Shifts
from barren grounds to Kelp forests are often
initiated by reduced sea urchin density caused by
local mass mortality (Hagen 1987; Christie et al.
1995; Leinaas & Christie 1996; see also Scheibling &
Stephenson 1984 from the NW Atlantic). Events of
mass mortality among sea urchins may be caused by
an increased presence and/or activity by predators,
increased frequency of diseases and/or parasites or
by changes in environmental factors that may affect
survival.

Changes in the physical environment may cause
the observed disappearance of sea urchins along the
coast of mid-Norway (Figure 1) if green sea urchins
are sensitive to temperature increases. Since the
mid-1980s there has been an increasing trend in
Northern Hemisphere temperature and also the
North Atlantic Oscillation index (NAQO) has influ-
enced temperature (see Beaugrand et al. 2003;
Hurrell & Dickson 2004). The temperature increase
is expected to have an opposite effect on the growth
conditions for kelp and sea urchins, which may affect
the interaction between the two species. Strongylo-
centrotus droebachiensis has a northern distribution
and is associated with cold water (Stephens 1972),
and the temperature increase may have affected the
latitudinal distribution of this species. Strongylocen-
trotus droebachiensis may retreat further north if the
temperature increase continues. Lawmunaria hyper-
borea is a more temperate distributed species, with
highest recruitment and faster growth rates further
south (mid-Norway: Rinde & Sjotun 2005), and it
has been shown that the distribution of kelp is
affected by temperature fluctuations (Walker 1956;
Gray & Christie 1983). To our knowledge, similar
episodes of retreating sea urchins have not been
reported from other areas in the NE Atlantic, but the
distributions of pelagic echinoderm larvae and larvae
from many other species have been found to change
along latitudinal gradients (Lindley & Batten 2002).

Direct effects from physical factors could be
enforced by indirect effects: predators on sea urchins
are moving northwards with increasing tempera-
tures. It has been reported that several fish stocks
have moved their distribution northwards, and fish-
eries statistics document that the crab Cancer pa-
gurus (Linnaeus, 1758) has been more common
northwards over the last 10 years (see later). Also,
other predators that are not monitored may move
northwards and contribute to the observed termina-
tion of the sea urchin dominated barren grounds.
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In the N'W Atlantic, sea urchin fishery during the
1990s reduced adult populations to levels low
enough to allow kelp forests to re-establish. In-
creased populations of crustaceans (amphipods,
Cancer and Hyas crabs) inhabiting the re-established
kelp forest seemed to play a crucial role in increasing
the regulation of the population density of S.
droebachiensis (McNaught 1999; Leland 2002;
Leland et al. 2002; Steneck et al. 2002), since crabs
were able to decimate sea urchin recruits shortly
after settlement (Vavrinec et al. 2001). Thus,
reduced adult sea urchin density allowed re-estab-
lishment of the kelp forest. This affected sea urchin
populations further by increasing the predation
pressure and reducing sea urchin recruitment.

Other perturbations that have been suggested to
cause population collapse of green sea urchin
populations in the NE Atlantic include outbreaks
of disease and parasite control, but these theories
have later been rejected. Amoeba-induced mass
mortality among urchins has been observed along
the Canadian coast (Jones & Scheibling 1985;
Scheibling & Hennigar 1997), but microbial screen-
ings of sea urchins from the Norwegian coast did not
provide any evidence for infections which could have
been responsible for local mass mortality of sea
urchins observed at 66°44” N (Christie et al. 1995).
It has also been suggested that parasites may cause
local urchin mass mortality (Hagen 1995), but the
observed infection frequency by the nematode
Echinomermella matsi (Jones and Hagen, 1987) did
not regulate sea urchin populations (Stien et al.
1995, 1998), and Skadsheim et al. (1995) observed
a local sea urchin population crash in the same area
where E. marsi did not occur at all. However, heavy
parasite infections reduced the fitness of the sea
urchins (Sivertsen 1996; Stien et al. 1998), and may
thus contribute to affect the urchin population
stability on barren grounds by reducing the ecosys-
tem robustness from outside disturbances (see
Begon et al. 1990).

Consequences of deforestation, the importance
of the kelp forest to the larger coastal
ecosystem

The barren ground state found along the Norwegian
coast has lasted for almost 40 years and has affected
production and diversity along a coastline of about
1300 km. Preliminary estimates indicate that
roughly 2000 km? kelp forests have been lost due
to over-grazing by sea urchins (Sivertsen 1997b;
Anon. 2002). These estimates imply that a standing
stock of 20 million tons of kelp (fresh weight, which
could tie up 7-8 millions of tonnes of CO,) has been
lost.
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The lost kelp forest represents an annual primary
production of 20 million tons (fresh weight esti-
mated from Sjotun et al. 1995; Abdullah &
Fredriksen 2004) that is no longer available for the
coastal secondary producers. Kelp forests contain a
rich diversity of marine plants and animals (Whittick
1983; Schulze et al. 1990; Marstein 1997; Christie
et al. 1998, 2003) and the invertebrate fauna (often
exceeding 10° individuals m~?%) makes up an
important food source for most fish found in or
near the kelp forest (Fredriksen 2003; Norderhaug
et al. 2005). Many coastal fish stocks use the kelp
forests as nursery areas (Keats et al. 1987; Gode
et al. 1989). Due to the great spatial and temporal
extent of kelp forest losses, this event must be
considered as one of the largest ecological cata-
strophes reported in Norway, regardless if the causes
to the sea urchin bloom is man-made or not.

Large-scale deforestation has been suggested to be
one of several causes for the observed decline of
coastal cod north of 62°N (reported by Berg 2006).
The reduction started in the early 1980s, and cod
from that area has been put on the Norwegian ‘red
list’ for vulnerable and endangered species (Kalas et
al. 2006). The disappearance of kelp forests is a
possible cause of the reduction of coastal fish stocks
because kelp disappeared before the decline in, for
example, cod stocks. On the other hand, over-fishing
may well have started a self-reinforcing process
where reduced predatory fish stocks have stimulated
an outbreak of sea urchins followed by loss of
the Kkelp forest. The loss of kelp forests may
then have had a negative feedback effect on the
fish stocks because important nursery grounds have
been lost.

There are also some noticeable similarities be-
tween the events of possible cascade effects on the
coast of Maine and the events on the coast of
Norway. Crabs of the genus Cancer have been
reported to occur in higher densities in areas where
this species earlier was scarce during the last years
(see Vavrinec et al. 2001 from the Maine coast). This
is also documented from the NE Atlantic, because
the catch reports from Norwegian Fishery Autho-
rities indicates an extension of Cancer crab fisheries
from about 65° N to 69° N during the last 10 years
(see also Woll et al. 2004). According to Steneck
et al. (2004) crabs may take over the niche of
predators if fish (cod) disappear, including the
controlling impact on sea urchin populations.

The loss of kelp production will also affect food
chains in the adjacent coastal ecosystems, because
kelp forests are export systems that provide primary
and secondary production for ecosystems on deep
and shallow waters (Field et al. 1980; Branch &
Griffiths 1988; Duggins et al. 1989; Vetter 1995;
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Jorgensen & Christie 2003). In Norwegian waters,
kelp forests are also feeding areas for a number of
seabirds (Bustnes et al. 1997; Fredriksen 2003).
Therefore, local communities and regional and
national authorities have called for actions to restore
the kelp forests.

Concluding remarks

Many local events of destructive grazing by sea
urchins in the NE Atlantic have been reported, but
the large-scale event covering the mid- and north-
Norwegian coast continuing into Russian waters is
the largest and most long-lasting event, and must be
considered as one of the largest ecological cata-
strophes reported in Norway. Different theories have
been proposed to explain this large-scale grazing
event, but the causes remain virtually unproven. The
main reason why we do not fully understand the
factors and processes that led to the massive blooms
of sea urchins 30-40 years ago is simply that no
investigations were undertaken at the time of the
major outbreak. Investigations that have been con-
ducted in the NE Atlantic instead represent more or
less loose inferences performed many years after the
events took place (Hagen 1983, 1987; Skadsheim
et al. 1995; Sivertsen 1997a,b, 2006). Now, it is
obviously too late to perform field studies to test the
causes for the event, and we must therefore try to
identify the factors and processes that are respon-
sible for: (1) the continuous dominance of sea
urchins in barren grounds, and (2) the potential of
kelp forests to recover when and if the sea urchin
dominance comes to an end. The spatial distribution
of Kkelp forests and sea urchins should also be
monitored in order to correlate distributional
changes to possible processes that may act as forcing
agents in determining where KRelp forest and sea
urchins dominate.

In order to identify the factors that control sea
urchin population size during an outbreak and under
barren ground conditions, it seems important to test
the hypothesis proposed by Sivertsen (2006) about
the importance of pre-settlement processes and
regular versus episodic sea urchin recruitment. It
seems equally important to investigate further the
importance of predation control on different life-
stages of sea urchins under different conditions (i.e.
barren ground vs. kelp forest state), and particularly
so for the younger stages because they may be very
important for the future population size. Finally,
long-term cohort studies of sea urchin populations
under barren ground and Kkelp forest conditions,
respectively, should provide valuable insight into the
population dynamics under different conditions.

It may also be important to investigate whether or
not kelp forests are able to re-establish if and when
the urchin blooms comes to an end. Re-establish-
ment of the kelp forest has been observed locally in
some places and is quite likely in areas where intact
patches of kelp forest are present in the neighbour-
hood and can serve as source populations. We have
no idea, however, what will happen if urchins
disappear from vast areas of barren ground — i.e. in
over-grazed areas with a very large spatial extension
and without nearby source populations of kelp.

Elner & Vadas (1990) stated that the understand-
ing of the kelp—sea urchin system should be built on
properly designed research, instead of weak evi-
dences or inferences based on field observations.
They stressed that caution should be taken when
drawing conclusions from weak evidences, and they
referred to the paradigm of lobster as a proposed
controlling predator of sea urchin populations. This
paradigm has been used in textbooks without being
tested properly. In a recent review, Bartsch et al.
(2008) refer to the endoparasite Echinomermella
marst (Hagen 1987) and the wolfish (Anarhichas
lupus (Linnaeus, 1758), Sivertsen & Bjorge 1980) as
controlling predators of sea urchin populations along
the Norwegian coast, although evidence for their
importance is lacking and has been questioned (see
Stien et al. 1995, 1998; Anon. 2002). The state-
ments of Elner & Vadas (1990) still seem to be valid
for the NE Atlantic kelp-sea urchin system.

This paper points out a number of uncertainties,
particularly in the section discussing stability and
shifts between the ecological states represented by
kelp forests and barren grounds. Thus, further
studies of sea urchins and their responses to envir-
onmental and interfering biological factors may
improve our understanding. Relationships between
sea urchin mortality and recruitment over following
years are still possible to investigate. This paper has
presented new observations on decreasing domi-
nance of sea urchins in mid-Norway, and this
ongoing large-scale shift at the southern border of
where sea urchins used to dominate provides a
unique opportunity to study the dynamics of the
system to increase the understanding of controlling
factors and reasons for shifts between the two stable
states.
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