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An overview is provided o f th e  observed and  po ten tial fu tu re  responses o f Zooplankton com m unities to  global warm ing. I begin by 
describing th e  im p ortance  o f Zooplankton in ocean ecosystem s and  th e  a ttrib u te s  th a t  m ake th em  sensitive beacons o f clim ate 
change. Global w arm ing m ay have even greater repercussions for m arine ecosystem s th an  for terrestrial ecosystem s, because te m p ­
eratu re  influences w ater colum n stability, n u tr ien t enrichm ent, and  th e  degree o f new  production , and  th u s th e  abundance, size com ­
position, diversity, and  tro p h ic  efficiency o f Zooplankton. Pertinen t descrip tions o f physical changes in th e  ocean in response to  clim ate 
change are given as a prelude to  a deta iled  discussion o f observed im pacts o f global w arm ing on Zooplankton. These m anifest as 
changes in th e  d istribu tion  of individual species and  assemblages, in th e  tim ing o f im p o rtan t life-cycle events, and  in abundance  
and  com m unity  structu re . The m o st illustrative case studies, w here clim ate has had an obvious, tangible im pact on  Zooplankton 
and  substantial ecosystem  consequences, are presen ted . C hanges in th e  d istribu tion  an d  phenology of Zooplankton are faster and 
g reater th an  those  observed for terrestrial groups. Relevant p ro jected  changes in ocean  cond itions are th en  presented , followed by 
an exploration o f po ten tial fu tu re  changes in Zooplankton com m unities from  th e  perspective o f different m odelling approaches. 
Researchers have used a range o f m odelling approaches on  individual species and  functional groups forced by o u tp u t  from  
clim ate m odels under fu tu re  g reenhouse gas em ission scenarios. I conclude by suggesting som e po ten tial fu ture  d irections in 
clim ate change research for Zooplankton, viz. th e  use o f richer Zooplankton functional groups in ecosystem  m odels; g reater research 
effort in tropical systems; investigating clim ate change in con junction  w ith o th e r  hum an  im pacts; and  a global Zooplankton observing 
system.
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Introduction
In  this review, I exam ine the observed and  po ten tial fu ture  
response o f  Zooplankton com m unities to  clim ate change. This 
review is n o t m eant to  be exhaustive b u t to  highlight case 
studies w here clim ate has had a clear im pact on  Zooplankton com ­
m unities and  has had  or is likely to  have substantial ecosystem 
consequences. Such a case-study approach  is useful for the 
insight it provides, b u t it also dem onstrates that clim ate-im pact 
research o n  Zooplankton is a t an  earlier developm ental stage 
th an  m any  terrestrial groups, such as birds, butterflies, o r flower­
ing plants. The focus is on  global warm ing, w ith its heating effect 
o n  the  ocean’s up p er layers, and im pacts on  stratification and 
n u trien t en richm ent processes. The literature on  Zooplankton is 
dom inated  by w ork  on  copepods because o f  their cosm opolitan  
nature, their im portance in  m arine foodwebs, their robust 
na tu re  in  the  laboratory, and because o f  sam pling and preservation 
bias. W herever possible, however, I draw  o n  exam ples from  o ther 
im p o rtan t groups including euphausiids, foram inifera, ichthyo- 
plank ton , jellyfish, and  ffesh-water phyto- and Zooplankton. 
This review deliberately does n o t discuss m icrozooplank ton  
(see Calbet, 2008) o r ocean acidification (see Fabry et al., 2008).

I also leave it to o ther workers to  synthesize the findings from  
laboratory and m olecular w ork o n  physiological and genetic m ech­
anism s th rough  w hich tem perature operates at the organism  level.

Global importance of Zooplankton
Z ooplank ton  are critical to the  function ing  o f  ocean foodwebs 
because o f  their sheer abundance and  vital ecosystem roles. 
The m ost p ro m in en t Zooplankton, the copepods, are the m ost 
ab u n d an t m ulticellular anim als on  Earth, even o u tnum bering  
insects by  possibly three  orders o f  m agnitude (Schm inke, 2007). 
Z ooplank ton  com m unities are highly diverse and  thus perform  a 
variety  o f  ecosystem functions. Arguably, the m ost im po rtan t 
role o f  Zooplankton is as the  m ajor grazers in  ocean foodwebs, p ro ­
v iding the p rincipal pathw ay for energy from  p rim ary  producers to 
consum ers a t h igher trophic  levels, such as fish, m arine m am m als, 
and  turtles. Interestingly, the  largest anim als in  the  ocean, such as 
baleen whales, feed solely o n  Zooplankton. This is in  stark  contrast 
w ith terrestrial ecosystems, where the  largest anim als, such as 
ungulates, are herbivores. There are no  sim ilar large herbivores 
in  the ocean, presum ably  because the  size o f  m arine  p rim ary  p ro ­
ducers is too  sm all for efficient grazing.
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Zooplankton no t only support the large, highly visible, and char­
ismatic com ponents o f  the ocean foodweb, bu t also the m icrobial 
com m unity. Regeneration o f nitrogen through excretion by Zoo­
plankton helps support bacterial and phytoplankton production. 
Microbes colonize Zooplankton faecal pellets and carcasses, m aking 
them  rich sources o f  organic carbon for detrital feeders. These 
Zooplankton products slowly yet consistently rain dow n on  the 
dark seabed, sustaining diverse benthic com m unities o f  sponges, 
echinoderm s, anem ones, crabs, and fish (Ruhl and Smith, 2004).

Z ooplank ton  also play a n  im p o rtan t role in  shaping the  extent 
and  pace o f  clim ate change. The ocean’s ability to  act as a sink  for 
C 0 2 relies partially  o n  the  biological pum p. Z ooplankton  play a 
role in  the biological pu m p  because m uch  o f  the  C 0 2 th a t is 
fixed by phytoplankton, then  eaten by Zooplankton, eventually 
sinks to  the seabed. M uch o f  this carbon  can be locked up in  sedi­
m ents and  rem oved from  the carbon  cycle. Z ooplank ton  also 
facilitate this process by  m oving large quantities o f  carbon  from  
the ocean’s surface to  deeper layers w hen they dive each day in to  
the ocean depths to  avoid near-surface predato ry  fish.

W ith o u t the  diverse roles perform ed by Zooplankton, ou r 
oceans w ould  be devoid o f  the  large fish, m am m als, and  turtles 
th a t are o f  such im m ense aesthetic, social, and  financial value to 
society. In  fact, m uch  o f  the  econom ic value o f  the  oceans, esti­
m ated  at US$21 trillion  per an n u m  and  sim ilar to  the global 
gross national p roduct (C ostanza et ah, 1997), stems from  critical 
ecosystem services, such as fishery production , n u trien t cycling, 
and  clim ate regulation  provided by  Zooplankton.

Beacons of climate change
Z ooplankton  are beacons o f  clim ate change for a host o f  reasons. 
First, Zooplankton are poikilotherm ic, so their physiological p ro ­
cesses, such as ingestion, respiration , and reproductive develop­
m ent, are highly sensitive to  tem perature, w ith  rates doubling  or 
trip ling  w ith a 10°C tem perature  rise (M auchline, 1998). 
Second, m ost Zooplankton species are short-lived ( < 1  year), so 
there  can be tigh t coupling o f  clim ate and  p opu lation  dynam ics 
(Hays et ah, 2005). In  fact, som e evidence suggests th a t p lank ton  
are m ore sensitive indicators o f  change th an  even environm ental 
variables themselves, because the  non-linear responses o f  p lank ton  
com m unities can am plify subtle environm ental signals (Taylor 
et al., 2002). T hird, unlike o th er m arine  groups, such as fish and 
m any  in tertidal organism s, Zooplankton are generally n o t com ­
m ercially exploited (exceptions include krill and  som e jellyfish 
species), so studies o f  long-term  trends in  response to  env iron­
m ental change are generally n o t confounded  w ith  trends in  exploi­
tation . Fourth , the  d istribu tion  o f  Zooplankton can accurately 
reflect tem perature  and  ocean currents because p lank ton  are free 
floating, and  m ost rem ain  so for their entire  life. In  contrast, 
terrestrial organism s are either roo ted  to  their substra tum  or 
need to spend considerable energy to  m igrate o r m ove. Further, 
reproductive p roducts o f  Zooplankton are d istribu ted  by  currents 
and  n o t by  vectors, m aking changes in  Zooplankton d istribu tion  
w ith clim ate change easier to understand  th an  the m ore 
com plex responses o f  terrestrial species. Last, because ocean 
currents provide an  ideal m echanism  for dispersal over large 
distances, alm ost all m arine animals have a planktonic stage in  
their life cycles; therefore, alterations in the distribution o f 
m any m arine groups are at least partially determ ined while 
floating in  the Zooplankton. As we will see, recent evidence suggests 
that m any o f  the m eroplanktonic life stages are even m ore sensitive 
to climate change than  their holozooplanktonic neighbours living

permanently in the plankton. All of these attributes combine to 
make Zooplankton sensitive beacons of climate change.

Fundamental importance of temperature
T em perature is p robably  the single m ost im p o rtan t physical vari­
able struc tu ring  m arine  ecosystems. There is grow ing appreciation  
th a t the  com position , abundance, and troph ic  efficiency o f  p lank­
to n  com m unities are tightly  linked to  w ater tem perature, beyond 
their direct physiological responses. It is this critical influence o f 
tem perature  th a t m akes m arine  systems acutely vulnerable to 
global w arm ing.

T he size structure  and  taxonom ic com position  o f  p lank ton  
com m unities are regulated by their physical and  chem ical env iron ­
m en t (B oum an et ah, 2003; Badosa et ah, 2007; M cK innon et ah, 
2007). The p lank ton  co m m unity  can be envisaged as existing 
som ewhere w ith in  a co n tin u u m  o f  states betw een two extremes, 
w ith n u trien t en richm ent the  key de term inan t. U nder cold, well- 
m ixed, and  tu rb u len t conditions, surface waters are replete w ith 
nu trien ts, the  phytop lank ton  co m m unity  is dom inated  by 
centric diatom s, and the  ratio  o f  new  p ro d u c tio n  to  to ta l co m m u ­
nity  p ro d u c tio n  is high. These conditions result in  the  Zooplank­
to n  being dom inated  by crustaceans, such as large copepods. 
This short, efficient foodweb is nu tritionally  rich, supporting  
large num bers o f  p lanktivorous and piscivorous fish, seabirds, 
and  m arine  m am m als. In  contrast, un d er w arm , stratified, and 
stable conditions, surface waters are depleted in  nu trien ts, the  phy­
top lan k to n  co m m unity  is dom inated  by  p icop lank ton  and  flagel­
lates, and trophodynam ics depend on  recycled n itrogen. These 
conditions often result in  the  Zooplankton being dom inated  by 
gelatinous Zooplankton (salps, doliolids, ctenophores) and  small 
crustaceans. This long, inefficient foodweb is o f  p o o r n u tritional 
quality, supporting  a far sm aller biom ass o f  h igher trophic  
levels. The degree o f  n u trien t enrichm ent is thus the  key de term i­
n an t o f  the type o f  foodweb present.

Surface tem perature  is a good proxy for n u trien t enrichm ent in 
the  ocean. W arm ing o f  surface waters m akes the  w ater co lum n 
m ore stable, enhancing stratification and  requiring  m ore energy 
to  m ix  deep, n u trien t-rich  water in to  surface layers. This results 
in  nitrate, the  p rincipal n u trien t that lim its phytop lankton  
grow th in  the ocean, being negatively related to tem perature  glob­
ally (Kamykowski and  Z entara, 1986). Further, n u trien t lim ita tion  
is greatest w hen w arm er-than -norm al conditions prevail in  a 
region (Kamykowski and  Zentara, 2005). T em perature is therefore 
a powerful proxy for describing the  structure  and  function ing  o f 
m arine  systems. This is fundam entally  different from  terrestrial 
systems, where there  is n o  such direct link  betw een tem perature, 
n u trien t availability, and ecosystem attributes; instead, rainfall is 
m uch  m ore im portan t.

Observed warming
Changes in  atm ospheric  concentrations o f  greenhouse gases alter 
the  energy balance o f  the clim ate system (IPCC, 2007a). C arbon 
dioxide is the p rincipal an thropogenic  greenhouse gas; its a tm os­
pheric concen tra tion  has increased dram atically  since 1750 
th rough  the  bu rn in g  o f  fossil fuels and changes in  land use 
(Figure 1). The rate o f  increase has accelerated over the  past 50 
years. The atm ospheric  concen tra tion  o f  carbon  dioxide in  2005 
far exceeded the  n a tu ra l range over the  past 650 000 years (180 
to  300 ppm ).
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Figure 1. Atmospheric concentration of carbon dioxide over the 
past 10 000 years (large panel) and since 1750 (inset panel). 
M easurem ents are shown from ice cores (symbols with different 
colours for different studies) and atm ospheric samples (red lines). 
The corresponding radiative forcing is shown on the  right axes of the 
large panel (from IPCC, 2007a, with permission).

Increases in  greenhouse gases have led to  rap id  w arm ing o f  the 
atm osphere and  oceans, evident in  the  surface tem perature  
anom alies for 2001-2005 , relative to  those for 1951-1980 
(Figure 2). Oceans have w arm ed less th an  the  land because o f 
the  greater therm al heat capacity o f  water, and  h igh latitudes 
have w arm ed m ore th an  tropical regions. The 100-year linear 
tren d  (1906-2005) is 0.74°C, b u t the  slope is steeper since 1960 
(B indoff et al., 2007). Eleven o f  the 12 ho ttest years since in s tru ­
m ental recording began in  1850 have occurred  since 1995 
(H ansen et al., 2006). The E arth ’s rap id  w arm ing has pushed 
tem peratures to  their highest level in  nearly 12 000 years and 
w ith in  ~ 1 °C  o f  the m axim um  estim ated tem perature  o f  the  past 
m illion  years. There has been an  increase o f  0 .31°C since the 
1950s in  the to p  300 m  o f  the oceans (Levitus et al., 2000), w ith 
m ost w arm ing confined to  the  top  700 m , a lthough it has pene­
trated  to  a dep th  o f  a t least 3000 m  (B arnett et al., 2005).

Mean Surface Temperature Anomaly (°C) 
2001-2005 relative to 1951-1980

Figure 2. Mean surface tem perature anomalies for 2001 -2005  
relative to  1951 -1 980  from surface air m easurements at 
meteorological stations and ship and satellite sea surface 
tem perature m easurements (from Hansen et al., 2006; National 
Academy of Sciences, USA).
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Global w arm ing has m any  effects o n  ocean clim ate. W arm ing 
has caused snow  and  ice to m elt; satellite data  since 1978 d em o n ­
strate th a t the extent o f  sum m er Arctic sea-ice has sh ru n k  by 7.4% 
per decade (IPCC, 2007a). Changes in  p recip ita tion  and  evapor­
a tion  over the oceans have led to  a freshening o f  m id- and  high- 
latitude waters b u t to  increased salinity in  low -latitude waters. 
H u m an  influence also extends to  w ind patterns, w ith m id-la titude 
westerly w inds strengthening in  b o th  hem ispheres since the  1960s. 
Such changes in  w ater p roperties could alter large-scale ocean 
circulation, a lthough  as yet there  is no  clear evidence for such 
changes: over the  past 50 years, there is no  coherent evidence o f 
a decline in  the strength o f  the  m erid ional overtu rn ing  c irculation 
(B indoff et al., 2007).

The clearest evidence o f  a ttrib u tio n  for global w arm ing comes 
from  a tm o sp h e re -o cean  general circulation  m odels (GCM s) that 
sim ulate the  dynam ics o f  the  o cean -a tm o sp h e re  system (IPCC, 
2007a). The w arm ing tren d  over land and  in  the oceans since 
the  early 1900s canno t be reconstructed  by  these m odels w hen 
they are driven by changes in  natural forcing (solar activity and 
volcanism ) alone. Observed spatial and tem poral patterns o f 
w arm ing can only be sim ulated by  including an thropogenic  green­
house gas forcing.

Observed impacts on Zooplankton
Im pacts o f  global w arm ing on  Zooplankton are m anifest as po le­
w ard  m ovem ents in  the d istribu tion  o f  indiv idual species and 
assemblages, earlier tim ing  o f  im p o rtan t life cycle events o r 
phenology, and changes in  abundance and  co m m unity  structure. 
A sum m ary  o f  the  im pacts o f  global w arm ing o n  m arine  Zooplank­
to n  is show n in  Table 1, and  specific exam ples will be highlighted 
in  the following section.

Distribution
A lthough few Zooplankton datasets cover m uch  o f  the spatial 
range o f  any species for an  extended period , available data  indicate 
th a t Zooplankton exhibit range shifts in  response to  global 
w arm ing th a t are am ong the  fastest and largest o f  any m arine or 
terrestrial group. The general trend , as on  land, is for anim als to 
expand their ranges polew ards as tem peratures w arm . The m ost 
striking examples are from  the N ortheast A tlantic w here the 
C ontinuous P lankton  Recorder survey has been operating  since 
1931 (R ichardson et al., 2006). M em bers o f  the  w arm -w ater 
copepod assemblages (the so u thern  shelf edge assemblage and 
pseudo-oceanic assemblage) have m oved m ore th an  1100 km  
polew ards over the past 50 years (Figure 3; Beaugrand et al.,
2002). The d istribu tion  o f  two individual copepod species in  the 
N ortheast Atlantic have also been studied  in  relation  to ocean 
w arm ing (Lindley and  Daykin, 2005). Centropages chierchiae and 
Temora stylifera b o th  m oved n o rth  from  the  vicinity  o f  the 
Iberian  Peninsula in  the 1970s and  1980s to  the  English C hannel 
in  the  1990s (~ 6 °  o f  latitude). C oncurren t w ith the  expansion 
polew ards o f  w arm -w ater copepods, the Arctic assem blage has 
retracted  to  h igher latitudes (Beaugrand et al., 2002). A lthough 
these translocations have been associated w ith  regional w arm ing 
o f  up  to  1°C, they  m ay also be partially  explained by stronger 
north-flow ing currents o n  the  E uropean shelf edge. These shifts 
in  d istribu tion  have had d ram atic  im pacts o n  the foodweb o f 
the  N orth  Sea (Beaugrand et al., 2003). In  particular, the cool- 
water copepod  assem blage has h igh biom ass and is dom inated  
by  relatively large species, especially Calanus finmarchicus. 
Because this assemblage has retracted n o rth  as waters have

I I I I I ■
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Temperature Anomaly (t,C)
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Table 1. A sum m ary  o f  th e  im pacts o f  c lim ate change on m arine Zooplankton.

Observation Taxa Region Period Observation (change/ 
decade or change/ 
degree)

Potential
cause

Reference/s

Distribution Southern shelf edge 
assemblage (nine 
species); pseudo-oceanic 
assemblage (five 
species)

NE Atlantic 1958-1999 Northward extension by 
10° of latitude 
(1100 km) =  260 km per 
decade

Warming/
hydrography

Beaugrand et al. (2002)

Centropages chierchiae 
and Temora stylifera

NE Atlantic 1959-2000, 
although 
consistent 
distribution data 
from 1978 only

Northward movement 
of the centre of 
distribution from off the 
Iberian Peninsula to the 
Bay of Biscay (~ 6° of 
latitude) =  157 km per 
decade

Warming Lindley and Daykin 
(2005)

Arctic assemblage 
(three species); 
Subarctic assemblage 
(four species)

NW Atlantic 1958-1999 Southward movement of 
communities as cool 
water penetrates south

Cooling/
hydrography

Beaugrand et al. (2002). 
Online Supplementary 
Material (www. 
sciencemag.org/ cgi /  
content/full /  sci;296/  
5573/1692/DC1)

Calanus hyperboreus NW Atlantic 1962-1999 Southward movement as 
cool water penetrates 
south

Cooling/
hydrography

Johns et al. (2001)

Phenology Neocalanus plumchrus Subarctic 
Pacific (Ocean 
Station P)

1956-1997 Earlier timing of 
Zooplankton biomass 
peak (60 days) = 14  days 
per decade = 73  days 
per °C (given site 
warmed by 1.96°C per 
century)

Warming Mackas et al. (1998)

Neocalanus plumchrus Strait of 
Georgia

1956-1997 Earlier timing of 
Zooplankton biomass 
peak (25-30 days) =9.1 
days per decade (no 
temperature change for 
area given)

Warming Bornhold et al. (1998)

Decapod larvae Central North 
Sea

1958-2004 Peaks 4 - 5  weeks earlier 
in summer = 7  days per 
decade

Warming Edwards et al. (2006)

Meroplankton (seven 
taxa)

Central North 
Sea

1958-2002 Peaks 27 days earlier in 
summer = 6  days per 
decade (=4.9 days per 
decade, excluding 
decapod and 
echinoderm larvae 
reported separately)
=  30 days per °C

Warming Edwards and Richardson 
(2004)

Echinoderm larvae Central North 
Sea

1958-2002 Peaks 47 days earlier in 
summer =10.4 days per 
decade =52.2 days per 
°C

Warming Edwards and Richardson 
(2004)

Copepods (12 taxa) Central North 
Sea

1958-2002 Peaks 10 days earlier in 
summer =2.2 days per 
decade =11.1 days per 
°C

Warming Edwards and Richardson 
(2004)

Other
holozooplankton (11 
taxa)

Central North 
Sea

1958-2002 Peaks 10 days earlier in 
summer =2.2 days per 
decade =11.1 days per 
°C

Warming Edwards and Richardson 
(2004)

Continued
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Observation Taxa Region Period Observation (change/ 
decade or change/ 
degree)

Potential
cause

Reference/s

Evadne spp. Helgoland 1975-1999 Peaks 36.8 days earlier 
(estimated from Figure 5 
in G reve et al., 2004)
=  14.7 days per decade 
=60.2 days per °C

Warming Greve et al. (2004)

Mnemiopsis leidyi Narragansett
Bay

1951-2003 Advanced by 59 days 
=  11.1 days per decade 
=  49.2 days per °C

Warming Costello et al. (2006)

Acartia tonsa Narragansett
Bay

1951-2003 No significant change in 
A. tonsa phenology

Warming Costello et al. (2006)

w arm ed, C. finm archicus has been replaced in  the N o rth  Sea by 
Calanus helgolandicus, a do m in an t m em ber o f  the  w arm -w ater 
assemblage. This assemblage typically has lower biom ass and  co n ­
tains sm aller species. Despite these Calanus congeners being 
a lm ost indistinguishable, the two species have contrasting  seasonal

Warm temperate 
assemblage
1958-1981

1982-1999

2000-2002

Subarctic
assemblage

1958-1981

1982-1999

2000-2002

Mean number of species per sample

Figure 3. The northerly shift of the warm tem perate copepod 
assemblage (containing Calanus helgolandicus) into the  North Sea 
and the retraction of the  Arctic copepod assemblages (containing 
Calanus finmarchicus) to  higher latitudes. Scale is the  mean num ber 
of species per assemblage, which provides an index of abundance. 
Reprinted by permission of Gregory Beaugrand.

cycles: C. finm archicus abundance peaks in  spring, whereas 
C. helgolandicus abundance peaks in  a u tu m n  (B onnet et al.,
2005). This is critical because Atlantic cod, traditionally  a m ajor 
fishery o f  the N o rth  Sea, spawn in  spring, and  cod larvae require 
a d iet o f  large copepods then, o r  m orta lity  is high and  recru itm ent 
is poor. Since the late 1980s, C. finm archicus has been virtually 
absent, there  is very low  copepod biom ass in  the  N o rth  Sea 
du ring  spring and  sum m er, and cod recru itm en t has p lum m eted  
(Beaugrand et al., 2003).

The studies above report m ovem ent rates o f  260 km  per decade 
for the copepod  assemblages in  the N ortheast A tlantic and  157 km  
per decade for C. chierchiae and  T. stylifera (Lindley and  Daykin,
2005), giving a m ean  translocation  o f  ~ 2 0 0  km  per decade. By 
com parison, a global m eta-analysis o f  range shifts across 99 
species o f  birds, butterflies, and  alpine herbs found  th a t they 
m oved polew ards (or upw ards) by  an  average o f  on ly  6.1 k m  per 
decade (Parm esan and  Yohe, 2003). I f  the range shifts highlighted 
here for Zooplankton are anywhere near typical o f  those experi­
enced m ore broadly  in  the p lankton, they  w ould dw arf the  d istri­
b u tio n  shifts reported  from  terrestrial systems.

It is interesting th a t there  have also been substantial changes in 
Zooplankton d istribu tion  in  the N orthw est A tlantic, b u t in  the 
opposite  d irection  (tow ards the  equator) to  w hat w ould be p re ­
dicted from  sim ple assum ptions o f  un ifo rm  global warm ing. 
The sam e Arctic and  Subarctic copepod  assemblages that 
have m oved n o rth  in  the  N ortheast Atlantic are m oving south  
in  the  N orthw est Atlantic (see supplem entary  in fo rm ation  in 
Beaugrand et al., 2002). A lthough no quantitative  rates o f 
change have been derived, these assemblages exhibit substantial 
sou thw ard  penetra tion  over the  last 30 years o f  the  20th century. 
In  a separate analysis, Johns et al. (2001) report th a t one o f  the 
species in  the Arctic copepod assemblage, Calanus hyperboreus, 
had  spread so far sou th  that in  1998 it was recorded o ff the 
Georges B ank shelf edge at 39°N, its sou thernm ost position  in 
50 years o f  sam pling. R ather th an  casting d o u b t o n  the  hypo­
thesized im pact o f  global w arm ing, these findings provide 
su p p o rt for the  tenet th a t p lank ton  com m unities are extrem ely 
sensitive and respond  quickly to  environm ental changes. Ocean 
clim ate in  the N orthw est A tlantic is driven by therm ohaline  m ech­
anism s, and  these influence the  south-flow ing L abrador C urrent. 
The L ab rad o r-N ew fo u n d lan d  area experienced abnorm ally  cold 
tem peratures du ring  the  late 1980s and  early 1990s (Prinsenberg 
et al., 1997), w hich increased the  p ro d u c tio n  o f  Labrador seawater 
and  thus the strength o f  the  Labrador C urren t (D ickson, 1997). 
This cold w ater has spread farther south , bring ing  colder
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conditions to  an  area form erly unfavourable for C. hyperboreus 
(Johns et ah, 2001). A sim ilar southw ard  penetra tion  is evident 
for the  Arctic dinoflagellate Ceratium arcticum  (Johns et al., 2003).

These studies highlight the com plex interactions betw een 
hydroclim ate and Zooplankton species d istribu tion . T hey are con­
sistent, however, w ith the principle th a t Zooplankton undergo 
large-scale changes in  d istribu tion  in  response to  w arm ing (or 
regional cooling) and  hydrography.

Phenology
Phenology, o r the  tim ing  o f  repeated seasonal activities such as 
m igrations o r reproduction , is highly sensitive to  global 
w arm ing. O n  land, events in  spring, including the arrival o f  swal­
lows in  the  UK, the  em ergence o f  butterflies in  the  US, o r the  b los­
som ing o f  cherry trees in  Japan, are all happening  earlier in  the 
year as the  tem perature  rises. A lthough there  have been far fewer 
studies o f  the  phenology o f  Zooplankton th an  terrestrial plants, 
insects, o r birds, a synthesis o f  available data suggests th a t corre­
sponding  changes in  Zooplankton are significantly greater th an  
those for terrestrial groups.

The m ost striking exam ple o f  ecosystem  repercussions o f  
c lim ate-driven changes in  phenology is evident in  the  Subarctic 
N o rth  Pacific Ocean. H ere, a single copepod species, Neocalanus 
plumchrus, dom inates the Zooplankton biom ass (M ackas et al., 
1998). Its vertical d istribu tion  and developm ent are strongly seaso­
nal, w ith young copepodites em erging from  deep w ater and  arriv ­
ing near the  surface in  late w inter; they  develop in to  CVs over 
spring and  sum m er, before descending again in  a u tu m n  (M iller 
et al., 1984). This life-history strategy results in  a strong bu t 
ephem eral (lasting no  longer th an  2 m on ths) annual peak in  
up p er ocean Zooplankton biom ass in  spring and  early sum m er. 
Because N . plum chrus constitu tes so m uch  o f  the  biom ass, 
changes in  its peak tim ing  (w hen ha lf o f  the  copepodites are 
CVs) are evident in  changes in  the to ta l Zooplankton biom ass. 
The tim ing  o f  this annual m axim um  has shifted dram atically 
over the  past 50 years, w ith peak biom ass 60 days earlier in  
w arm  th an  in  cold years (M ackas et al., 1998). The change in  devel­
opm ental tim ing  is p robably  a consequence o f  b o th  increased su r­
vivorship o f  early cohorts in  w arm  years and  physiological 
acceleration. O ther populations o f  N . plum chrus  exhibit sim ilar 
tem perature  responses: those in  the  Strait o f  Georgia shifted 
earlier by  2 5 -3 0  days over the  last three  decades o f  the  20th 
cen tury  (M ackas et al., 1998), and  those along the British 
C olum bia con tinen ta l m arg in  now  leave the surface layer and 
enter d iapause as early as m id-M ay (G oldblatt et al., 1999).

The tim ing  o f  the  Zooplankton biom ass peak is likely to  be 
ecologically significant because it influences the  availability o f  
large copepodites to  upper-ocean  predators such as salm on, 
herring, hake, and  seabirds. Individuals from  the  w orld ’s largest 
colony o f  the  planktivorous seabird, Cassin’s auklet, o ff British 
C olum bia prey heavily on  Neocalanus (B ertram  et al., 2001). 
W hen  conditions are w arm , spring is early, and  the d u ra tio n  o f 
overlap o f  seabird breeding and  Neocalanus availability in  
surface waters is short; a m ism atch betw een prey and  predator 
populations arises, resulting in  reduced grow th o f  chicks. D uring  
cold years, there  is tigh ter synchrony betw een food availability 
and  the  tim ing  o f  breeding. In  this way, the  reproductive p erfo rm ­
ance o f  Cassin’s auklet is com prom ised in  w arm er years relative to 
th a t in  colder years. I f  this species does n o t adap t to  the changing 
food conditions, global w arm ing could  d im inish  its long-term  
survival chances.

Substantial phenological changes in  p lank ton  com m unities 
have also been observed in  the  central N o rth  Sea (Edwards and 
R ichardson, 2004). The tim ing  o f  m eroplank ton  seasonal cycles 
seems particularly  sensitive to  clim ate change. As a group, m ero ­
p lank ton  (including larvae o f  cirripedes, cyphonautes, decapods, 
echinoderm s, fish, and  lam ellibranchs) have advanced their 
appearance in  the  p lank ton  by  27 days over the  past 45 years. 
However, som e groups have reacted m ore strongly th an  others. 
For exam ple, larvae o f  ben th ic  echinoderm s in  the N o rth  Sea are 
now  appearing  in  the p lank ton  47 days earlier th an  they  d id  50 
years ago, w hen waters were on  average 1°C cooler (Edwards 
and  R ichardson, 2004). T em perature stim ulates physiological 
developm ent and larval release in  echinoderm s (Kirby et al., 
2007). Similarly, observations o ff H elgoland in  the  sou thern  
N orth  Sea for 1990-1999  reveal that fish larvae are extrem ely sen­
sitive to  tem perature  changes, so m uch  so that m ore than  
on e-th ird  o f  the species studied  exhibit significant correlations 
betw een the m iddle o f  their seasonal peak in  abundance and 
m ean  tem perature  (Greve et al., 2005).

O ne aspect o f  phenological change considered in  relation to  
the  tem perate N o rth  Sea is w hether the tim ing o f  the  spring 
o r a u tu m n  b loom  altered w ith warm ing. This is im portan t 
because the  m ost obvious and widespread tim ing changes on  
land have been in  spring. In  the  N orth  Sea, there has been no  
general advancem ent (or delay) in  the  tim ing o f  spring or 
au tu m n  over the past 45 years (Figure 4; Edwards and 
Richardson, 2004). In  contrast, 34 o u t o f  37 taxa that peak with 
low -turbulence conditions during  sum m er have advanced in  their 
seasonality, w ith the p lank ton  functional groups on  average 1 0 -  
27 days earlier. A lthough the  tim ing o f  the spring bloom  is often 
thought to be determ ined by the onset o f  stratification, this is no t 
a prerequisite (Townsend et al., 1992) and, in  m any areas, m ay 
instead be m ore tightly coupled w ith the regulation o f  diatom  
spore germ ination  by  photoperiod  (Eilertsen et al., 1995; 
Eilertsen and  W yatt, 2000), w hich is invariant to  global warm ing.

Intriguingly, the  tim ing  o f  various p lank ton  functional groups 
seems n o t to respond  to  ocean w arm ing synchronously, resulting 
in  p re d a to r-p re y  m ism atches that could  resonate to  higher 
troph ic  levels (Edwards and  R ichardson, 2004). Over the  past 45 
years, dinoflagellates in  the N o rth  Sea are peaking earlier by  23 
days, d iatom s by  22 days, copepods by  10 days, and  o ther holozoo- 
p lank ton  by  10 days. This differential response o f  p hytop lankton  
and  Zooplankton m ay lead to a m ism atch  betw een successive 
troph ic  levels and  a change in  the synchrony betw een prim ary, sec­
ondary, and tertiary  p roduction . Efficient transfer o f  m arine 
p rim ary  and secondary  p ro d u c tio n  to  h igher troph ic  levels, such 
as those occupied by com m ercial fish species, depends largely on  
the  tem poral synchrony betw een successive troph ic  p ro d u c tio n  
peaks, especially in  tem perate m arine  systems. Here, successful 
fish recru itm en t is highly dependent o n  synchronization  w ith 
pulsed p lanktonic  p ro d u c tio n  (H jort, 1914; Cushing, 1990; 
Beaugrand et al., 2003).

This type o f  m ism atch, where w arm ing has d istu rbed  the tem ­
poral synchrony betw een the  dynam ics o f  herbivores and  their 
food, has also been  no ted  in  fresh-water, estuarine, and  terrestrial 
ecosystems. For exam ple, in  Lake W ashington (USA), the  tim ing 
o f  the phytop lank ton  spring peak has advanced by  19 days from  
1962 to  2002, as w inters have w arm ed and led to  an  earlier onset 
o f  stratification, b u t this has n o t been m atched by  the Zooplankton 
(W inder and  Schindler, 2004). In  fact, Zooplankton b loom s have 
lagged behind, w ith the  tim ing  o f  peak spring abundance in  the



In  ho t water: Zooplankton and  climate change 285

egoo
CM

oo
L O
G)

Eo

03
CD
Cl

O (f) 
CD 
CD 
C/3

a)
O)c
CD

_C
O

- 2.0

-1.5

- 1.0

-0.5

0.0

0.5

1.0

1.5

2.0

Spring bloom Autumn bloom
l i l i

□ Copepods 
O Diatoms 
A  Dlnoflagellates 
V Meroplankton 
O Other hoi ozoo ♦

3
o

O o

1 ^  1 1 1 t 

▼
▼

▲ A

°  # 0  *A  A _ o
o □ A O °
°  n O  tù  D o D ^  o 0

v □ o

1 1

□

8 %
O o
1 I1 1 1 O o 'o

□ <¿fe

oo
°0

I I I ]

□ C)
-

□o

♦

l i l i *

o
□

1 1
2 3 4 5 6 7 8 9  

Month of seasonal peak in 1958

>.
i—

10 11 12

Figure 4. Changes in phenology in the central North Sea from 1958 to  2002. The change in timing of the seasonal peaks (in m onths) for 
the  66 taxa over the  45-year period (1958-2002), plotted against the tim ing of their seasonal peak in 1958. A negative difference between 
1958 and 2002 indicates seasonal cycles are occurring earlier (Edwards and Richardson, 2004). Reprinted by permission of Macmillan 
Publishers Ltd.

-2

-4

-5

-8

-9

\<f A0' bit*"
Group

•!& &
to 'pi*'mí& Jí*'

Figure 5. Changes in phenology from different studies (mean +  s.e.). 
Data for Zooplankton from this study and o ther groups from Root 
et al. (2003).

rotifer Keratella 15 days earlier, th a t o f  the  copepod 
Leptodiaptomus only 9 days earlier, and th a t o f  the  cladoceran 
Daphnia  show ing no m ovem ent. These changes have led to a m is­
m atch betw een the  spring phy top lank ton  peak and  som e m em bers 
o f  the  Zooplankton, particularly  Daphnia. M em bers o f  the  p lank­
to n  in  Lake Müggelsee (G erm any) have also displayed disparate 
responses to w arm ing, and  these have been a ttribu ted  to  the  differ­
en t pace o f  life cycles o f  individual species (A drian et al., 2006). 
P lankton, such as d iatom s and Daphnia, w hich grow  rapidly  in 
spring, show ed synchronous advances o f  abou t 1 m o n th  in

response to  earlier ice b reak-up and w arm er spring w ater 
tem pera ture  from  1979 to 2003. However, there  was no  such syn­
chrony  for slow-growing sum m er Zooplankton, such as copepods 
and  the  larvae o f  the  m ussel Dreissena polymorpha, w hich have 
longer and  m ore com plex life cycles. In  particular, the  sum m er 
Zooplankton exhibited species-specific responses to  w arm ing that 
depended strongly o n  w hether the  tim ing  o f  w arm ing m atched 
their indiv idual therm al requirem ents at im p o rtan t life stages, 
such as em ergence from  diapause for copepods o r spaw ning for 
Dreissena.

M ism atch has also been docum en ted  in  the  estuarine env iron­
m en t o f  N arragansett Bay (USA). Here, the  tim ing  o f  the  first 
appearance o f  the top  p redato r M nemiopsis leidyi has advanced 
by  59 days betw een 1951 and  2003 (see Figure 1 in  Purcell,
2005), whereas the  tim ing  o f  one o f  its m ajor prey item s, Acartia 
tonsa, has rem ained  unchanged over this tim e (Costello et al.,
2006). In  this case, species-specific responses are th ough t to  be a 
consequence o f  the  differential w arm ing o f  their individual 
w inter refugia: there  is substantial w arm ing in  shallow  regions o f 
the  Bay th a t has severely affected overw intering M nemiopsis, bu t 
relatively sm all tem peratu re  changes in  deeper regions o f  the  Bay 
th a t have had little influence o n  seasonal excystm ent o f  over­
w intering  A . tonsa eggs. In  terrestrial systems, global w arm ing 
has led to  trophic  m ism atches betw een great tits and  caterpillars, 
flycatchers and  caterpillars, w inter m o th  and oak b u d  burst, and 
the  red adm iral bu tterfly  and  stinging nettles (Visser and Both, 
2005). In  each case, m ism atches in  tim ing  com prom ise the  survi­
val o f  the  herbivore th a t depends on  its particu lar prey source.

Several striking results emerge from  the  phenological studies 
sum m arized  here. The first is th a t observed changes in  Zooplank­
to n  are significantly greater th an  those observed for taxonom ic 
groups o n  land. In  a phenological study  o f  172 species o f  herbs,
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shrubs, trees, birds, butterflies, and am phibians, Parm esan and 
Yohe (2003) no ted  a m ean  phenological change o f  2.3 days per 
decade. R oot et al. (2003) calculated the phenological shift for 
invertebrates, am phibians, birds, and trees, and  found  m ean  phe­
nological changes o f  3 - 6  days. In  contrast, the  m ean  phenological 
change observed for Zooplankton is dram atically  and  significantly 
greater a t 7.6 days per decade (Figure 5; Table 1). Second, the 
spring b loom  has been stationary  in  the  tem perate N o rth  Sea, 
w hich is in  stark  con trast w ith terrestrial systems w here m ost 
docum ented  changes have taken place in  spring (Parm esan and 
Yohe, 2003; R oot et ah, 2003). T hird, the phenology o f  phy to ­
p lank ton  appears to  be m ore sensitive th an  Zooplankton, consist­
en t w ith terrestrial plants and grazers. U ndoubtedly, over historical 
tim e, these p re d a to r-p re y  systems have undergone substantial 
tem peratu re  changes and  rem ained viable, so a critical question  
is how  long will it take these phenological relationships to  adapt 
to  the  w arm er tem peratures and  resynchronize, especially w ith 
o th er concom itan t anthropogenic  stressors (see the section o n  
synergistic effects and  bolstering ecosystem resilience). Finally, 
responses to  global w arm ing are species-specific and  m ay b e  deter­
m ined  by  w hether the  exact tim ing  o f  w arm ing coincides w ith 
critical life cycle stages o r events. This suggests th a t an  in tim ate  
knowledge o f  the  life h isto ry  o f  an  organism  m ay be needed for 
an  adequate explanation  o f  p opu lation  im pacts and prediction  
o f  ecosystem  responses.

Abundance
Changes in  abundance are m ore difficult to a ttribu te  to  global 
w arm ing th an  are shifts in  d istribu tion  or phenology, although 
they m ay have greater ecosystem ram ifications. O ne o f  the  m ost 
striking exam ples o f  changes in  abundance in  response to  long­
term  w arm ing is from  foram inifera in  the  California C urrent 
(Field et ah, 2006). Foram inifera are ideal for long-term  clim ate 
change studies because their populations are contro lled  m ore by 
changes in  clim ate and p rim ary  productiv ity  th an  by changes in  
p redation , and they  are also well preserved in  sedim ents. As a 
result, their tem poral dynam ics can be linked to  changes in  
clim ate over long tim e-scales. T h roughou t the  20th century, the 
n u m b er o f  tro p ica l/sub trop ica l species has been increasing, 
reflecting a w arm ing trend; this p h en om enon  is m ost dram atic 
after the 1960s (Figure 6). This change tow ards tropical fo ram in i­
fera echoes sim ilar increases in  abundance o f  m any  o th er su b tro ­
pical and tropical taxa and  decreases in  tem perate algae, 
Zooplankton, fish, and seabirds in  the California C urren t over 
the past few decades.

An illustra tion  from  the N ortheast Atlantic highlights the effect 
th a t global w arm ing can have o n  stratification and  p lank ton  ab u n ­
dances, and em phasizes the region-specific consequences 
(R ichardson and  Schoem an, 2004). Here, phy top lank ton  becom e 
m ore ab u n d an t w ith w arm ing o f  cool, windy, and  well-m ixed 
regions, probably  because w arm er tem peratures boost m etabolic 
rates and  enhance stratification, thereby increasing the am o u n t 
o f  tim e phytop lankton  cells spend in  the  euphotic  zone. 
However, phy top lankton  becom e less ab u n d an t w hen already 
w arm  regions get even w arm er, p robably  because w arm er surface 
w ater blocks fu rther n u trien t-rich  deep w ater from  rising to  the 
euphotic  layer. This regional phytop lank ton  response is tran s­
m itted  up  the p lank ton  foodweb to  herbivorous copepods and 
carnivorous Zooplankton. Therefore, over long tim e- and broad  
space scales, p lank ton  foodwebs are contro lled  from  the “b o tto m  
u p ” by prim ary  producers, ra ther th an  from  the  “top  dow n”

2 5 )

0

0'
0.6

0'
0.1

0

Globigerina bulloides

Neogloboquadrina dutertrei

Globigerinoides ruber 

S----------- ^r-W ^A *A n.
Orbulina universa

Other subtropical species

,
1750 1775 1800 1825 1850 1875 1900 1925 1950 1975 2000 

Year

Neogloboquadrina pachyderma (dex.)a) 15

Turborotalia quinqueloba

Neogloboquadnna pachyderma 

r ^ r A Æ

ferma Ain) .

% 0.6 Globorotalia scitula * .

1750 1775 1800 1825 1850 1875 1900 1925 1950 1975 2000 

Year

Figure 6. Fluxes of planktonic foraminifera in Santa Barbara Basin 
sediments. Top panel shows increased abundances of tropical-  
subtropical foraminifera in the  20th century. Bottom panel shows no 
tem poral trend in tem perate-polar foraminifera in the  20th century. 
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by predators. Because the  a m o u n t o f  phy top lank ton  and  Zoo­
p lank ton  in  a region is likely to  influence the  carrying capacity 
o f  fish (W are and  T hom pson , 2005), the  response to clim ate 
change o f  lower troph ic  levels suggests that the abundance and d is­
trib u tio n  o f  fish will change in  the  future, having regional im pacts 
o n  fisheries.

M ost evidence o f  clim ate im pacts o n  Zooplankton is from  the 
n o rth e rn  hem isphere because this is where m ost (p lank ton) 
science is concentrated, b u t nevertheless, there have been dram atic 
changes docum en ted  from  waters elsewhere. Since the  1970s, there 
has been a decline in  krill (Euphausia superba) b iom ass in  the 
Southern  O cean and a concom itan t increase in  salps, w hich 
occupy less productive and w arm er regions (A tkinson et ah,
2004). It is likely that these changes are a consequence o f  global 
w arm ing. Strong sum m er phytop lank ton  bloom s and  w inters o f  
extensive sea ice, w ith  plentiful food from  ice algae, enhance su r­
vival o f  krill larvae as well as recru itm en t to  adu lt stocks. As waters 
have w arm ed, the  extent o f  w inter sea ice and  its d u ra tio n  have 
declined, w hich is likely to  have im paired  larval krill survival 
and  explains the  observed decline in  krill density. W arm er 
waters also provide m ore favourable hab ita t for salps. The declin­
ing po p u latio n  abundance o f  krill could be deleterious to  the 
populations o f  baleen whales, fish, penguins, seabirds, and seals 
th a t depend o n  krill as their p rim ary  food source.

P robably the Zooplankton th a t people are m ost fam iliar w ith in 
their daily lives are jellyfish. Jellyfish outbreaks have a host o f  
societal consequences: loss o f  tou ris t revenue th ro u g h  beach clo­
sures and  even death  o f  bathers; blockage o f  coastal pow er p lant 
cooling intakes, forcing electricity shutdow ns; dam age to  fish 
nets and co n tam ination  o f  catches; interference w ith acoustic 
fish assessments; m ortalities am ong  farm ed fish; and  reduced 
com m ercial fish abundance th rough  com petition  and  predation . 
A lthough dense jellyfish aggregations are a na tura l feature o f
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healthy pelagic ecosystems, evidence is accum ulating th a t the 
severity and  frequency o f  outbreaks is increasing in  m any  areas, 
including the  Bering Sea, northeastern  US shelf, G ulf o f  M aine, 
G ulf o f  Mexico, Azov Sea, Black Sea, Caspian Sea, N o rth e rn  
Benguela upwelling ecosystem, East C hina and  Yellow seas, Sea 
o f  Japan, and Seto In land Sea [see reviews by  Mills (2001), 
Purcell et al. (2007), and  references therein]. For exam ple, in  the 
N o rth e rn  Benguela upwelling ecosystem off N am ibia, jellyfish 
now  outw eigh fish in  term s o f  to ta l biom ass (Lynam  et al.,
2006). However, there  is no  general agreem ent on  the causes 
underlying the observed increases, and a suite o f  h u m an  activities, 
including clim ate change, as well as overfishing, eu trophication , 
translocation, and hab ita t m odification, are likely to be responsible 
(Purcell et a í ,  2007).

Global w arm ing could  lead to  jellyfish increases because o f  their 
physiological response and  its effect on  p lank ton  foodwebs. In  an 
analysis o f  15 long-term  jellyfish and  ctenophore  tim e-series, 
Purcell (2005) found  th a t 11 species increased in  abundance 
w ith w arm ing. She concluded th a t tem perate species m ay benefit 
from  global w arm ing, b u t tropical jellyfish could  decline in  a b u n ­
dance because m any  species m ay have a therm al m axim um  around  
34 -3 5 °C . Further, experim ental evidence suggests th a t jellyfish 
exhibit faster rates o f  b o th  asexual and sexual rep ro d u c tio n  at 
w arm er tem peratures (Purcell, 2005). Global w arm ing also 
enhances stratification, causing flagellates to  ou tcom pete  
d iatom s in  the  n u trien t-p o o r surface waters. M any jellyfish have 
broad  diets and  can feed satisfactorily on  flagellates. However, fla­
gellates are a p o o r food source for fish, so jellyfish m ay do  better 
th an  their fish com petito rs and  predators un d er w arm er con­
d itions (Parsons and  Falli, 2002).

Climate variability
M uch o f  the im pact o f  clim ate change o n  Zooplankton is likely to 
act th rough  existing m odes o f  variability in  the  E arth’s clim ate 
system. Such clim ate m odes are expressed as differences in  synop­
tic atm ospheric  pressure fields. These pressure fields alter regional 
windfields, cu rren t strengths, n u trien t dynam ics, and water tem p ­
eratures (O ttersen  et al., 2001; Peterson and  Schwing, 2003). The 
d o m in an t m ode o f  variability in  the  tropical Pacific is a strong 
m u lti-annual frequency, the  El N iño  Southern  Oscillation 
(ENSO). Studies in  the Pacific have dem onstra ted  th a t ENSO 
influences the  abundance o f  copepods (W hite et al., 1995; 
Lavaniegos et al., 2002; M ackas et al., 2006) and  jellyfish 
(Dawson et al., 2001; Raskoff, 2001). At higher latitudes in  the 
N o rth  Pacific, the  do m in an t pressure field is the  Pacific Decadal 
Oscillation (PD O ), w hich can be considered a long-lived ENSO 
signal w ith a m ultidecadal fingerprin t (H are and  M antua, 2000). 
This index has been related to  abundances o f  copepods 
(Peterson and Schwing, 2003; Chiba et al., 2006), euphausiids 
(B rin ton and  Townsend, 2003), and  jellyfish (A nderson and 
P iatt, 1999). The N o rth  A tlantic O scillation (NAO) is the  d o m i­
n an t m ode o f  clim ate variability in  the  N o rth  A tlantic. There, it 
regulates the  abundance and  co m m u n ity  struc tu re  o f  copepods 
(F rom entin  and Planque, 1996; Bleckner and  H illebrand, 2002; 
P iontkovski et al., 2006; Fernández de Puelles and  M olinero,
2007) and  jellyfish (Lynam et a l ,  2004; Purcell and Decker, 2005).

At tim es, ab ru p t and  dram atic  changes in  ecosystems occur in
response to often subtle clim ate o r physical oceanic forcing. Such 
ab ru p t reorganization, know n  as a regim e shift, can transform  
systems from  one stable state to  an o th er (H are and M antua, 
2000). O nce in  a new state, it is difficult for the system to  re tu rn

to  its original configuration  (Scheffer and  Carpenter, 2003). As 
ecological systems can exhibit non-linear behaviour, subtle 
changes in  clim ate phenom ena can be am plified by responses o f 
lower trophic  levels, and  these am plified signals can th en  be tran s­
m itted  farther up  the  foodweb. The message here is that even 
subtle changes in  clim ate can lead to  large-scale reorganization  
o f  biological systems.

There is clear evidence th a t regim e shifts are relatively com m on  
in  the  ocean, and  there  is even som e evidence suggesting that they 
m ay be synchronous betw een ocean basins. A robust m eth o d  o f 
identifying regim e shifts is to  assem ble a suite o f  physical and  b io ­
logical variables, perform  a p rincipal com ponents analysis to 
identify  the  m ajor p a tte rn  o f  variation  in  the  m ultivariate  physical 
and  biological tim e-series, th en  use a sliding w indow  analysis to 
determ ine rapid  transitions in  the series im partially. In  a com pre­
hensive analysis o f  31 physical (ocean and  atm osphere) and  69 b io ­
logical tim e-series (from  p lank ton  to  fish) in  the  N o rth  Pacific, 
H are and  M an tua  (2000) identified two stepwise regim e shifts, 
the  first in  1977 and  the  second in  1989. M ore recent evidence 
suggests ano ther regim e shift in  1998 (Peterson and  Schwing, 
2003; Batten and W elch, 2004). These regim e shifts exhibit d ra ­
m atic, synchronous changes in  atm ospheric, oceanic, and bio logi­
cal variables. Applying a sim ilar analytical approach  to  th a t o f 
H are and  M antua  (2000), W eijerm an et al. (2005) assem bled 28 
physical and 50 biological tim e-series from  the  N o rth  Atlantic. 
This analysis revealed rem arkably sim ilar tim ing  o f  regim e shifts 
there  and in  the  N o rth  Pacific, viz. 1979 and 1988, and  perhaps 
1998. Taken together, these studies suggest shifts in  clim ate -  
ocean in teractions in  close synchrony across the entire  tem perate 
zone o f  the n o rth e rn  hem isphere (W eijerm an et al., 2005).

The clearest exam ple o f  the  regulation  o f  Zooplankton by 
clim ate and  a subsequent regim e shift is for the  PD O  in  the 
N o rth  Pacific. W hen  the  PD O  is negative, upwelling w inds 
streng then  over the  California C urrent, there  are cool ocean co n ­
d itions in  the  N ortheast Pacific, copepod biom ass in  the  region is 
high and  is dom inated  by  large, cool-w ater species, and  fish stocks 
such as coho salm on are ab u n d an t (Figure 7; Peterson and 
Schwing, 2003). In  contrast, w hen the PD O  is positive, upwelling 
in  the  region dim inishes and  w arm  conditions prevail, tropical 
species expand their range northw ards, the  copepod biom ass 
declines and  is dom inated  by  small, less n u tritious species, and 
the  abundance o f  coho salm on plunges.

Such relationships betw een p lank ton  com position  o r ab u n ­
dance and  integrative clim ate indices provide a w indow  o f 
insight in to  how  clim ate change m ay affect the  w orld ’s oceans in 
the  future, as clim ate m odels pred ic t changes in  m any  im po rtan t 
clim ate indices. A pressing goal, therefore, is to im prove ou r 
understand ing  o f  how  Zooplankton respond  to  clim ate indices. 
This is a key a im  o f  the  cu rren t SCOR (Scientific C om m ittee on  
Oceanic Research) W orking G roup 125 Global C om parisons o f 
Z ooplank ton  T im e Series, w hich is com paring p lank ton  dataseries 
from  a ro u n d  the w orld w ith relevant integrative clim ate indices. 
C om plicating fu ture  predictions will be the  possibility that, if  
clim ate change exceeds som e critical threshold, som e m arine 
systems will sw itch to  a new  state th a t m igh t n o t only be less 
favourable th an  the  present one, b u t also prove im possible to 
reverse.

Projected ocean warming
Because o f  the  considerable tim e-lag betw een the release o f 
C 0 2 in to  the  a tm osphere and the  consequent w arm ing o f  the
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Figure 7. Time-series of (a) the PDO index sum m ed annually over M ay-Septem ber; (b) annual anomalies of CalCOFI Zooplankton volumes 
from the California Current region; (c) coho salmon survival; and (d) biomass anomalies of cold-water copepod species. Positive (negative) 
PDO index indicates warmer (cooler) than  normal tem peratures in coastal waters off North America (from Peterson and Schwing, 2003, with 
permission from AAAS).

atm osphere and  ocean, there  is little expected difference in  the 
am o u n t o f  w arm ing anticipated  un d er a range o f  em ission scen­
arios by  2020 -2 0 2 9  (Figure 8; B indoff et al., 2007; IPCC, 
2007a). However, by  the 2090s, there  are m ajo r differences 
am ong scenarios. By 2090-2099 , m ean  global tem peratures are 
projected to rise by  ~ 2 °C  un d er B Í, a relatively low-em issions 
scenario, 2.75°C un d er A1B, a fu ture  o f  in term ediate emissions, 
and  3.5°C un d er A2, a high-em issions scenario. U nder the  A2 
scenario, clim ate m odels pred ic t th a t m ost o f  the w orld ’s oceans 
will have w arm ed by 2 - 3 .5°C by the end o f  this century, w ith 
the Arctic approaching 8° C w arm er, and  extrem ely w arm  tem pera­
tures penetrating  sou th  in to  Canada, Russia, and  Scandinavia. 
C om m on to  b o th  periods presented is th a t the greatest w arm ing 
is likely to  occur over land and a t n o rth e rn  latitudes, and least 
w arm ing over the  Southern  O cean and  parts o f  the  N orth  
A tlantic. This reduced w arm ing in  the  N orth  Atlantic is a conse­
quence o f  the predicted slowing o f  the  m erid ional overtu rn ing  cir­
culation  during  the 21st century; m ultim odel com parisons suggest 
a 25%  reduction  by  2100 un d er the  A1B em ission scenario. 
However, it is considered very unlikely that the m erid ional over­
tu rn in g  circulation  will undergo an  ab ru p t transition  du rin g  the 
21st century.

Drivers o f  ocean p roductiv ity  o th er th an  tem peratu re  will also 
be transform ed by  clim ate change. O cean w arm ing is likely to  fuel 
m ore intense tropical cyclones th a t have faster m axim um  w ind- 
speeds and  heavier ra in  events. Storm s in  m id- to  h igh-latitudes 
are likely to m ove polewards, leading to  changes in  w ind, precip i­
tation , and  tem perature. A lthough it is im possible to  know  w ith 
certain ty  w hich em ission scenario will m ost closely reflect fu ture

emissions, w hat we do know  is th a t we are curren tly  tracking the 
very high end o f  em ission scenarios, and  thus the  high end o f  p ro ­
jected w arm ing from  IPCC reports (R ahm storf et ah, 2006). 
Irrespective o f  fu tu re  emissions, som e global w arm ing is likely to  
con tinue  for centuries to  come, even if  em issions are stabilized, 
because o f  tim e-lags in  the  system and the  long tim e-scales 
required  to  rem ove C 0 2 from  the a tm osphere (IPCC, 2007a).

Potential future impacts on Zooplankton
Here, I briefly illustrate som e o f  the approaches th a t are being used 
to  p robe  the  consequences o f  clim ate change o n  Zooplankton, 
from  the  species to  the  ecosystem level. For brevity, I select two 
types o f  approach: a sim ple em pirical approach and a m ore 
complex, m echanistic one. O ther types o f  m odel are also useful 
for predicting  fu ture  im pacts; one o f  som e interest is species d is­
trib u tio n  m odelling (clim ate envelope m odelling), w hich operates 
o n  the prem ise that an  organism  can only survive w ith in  a niche 
characterized by  physical and chem ical environm ental factors. 
This approach  has rarely been applied in  m arine  systems, b u t is 
com m only  used in  terrestrial systems (e.g. A raújo and  Rahbek,
2006). This m odelling approach also allows one to  investigate 
the  effect o f  clim ate change on  thousands o f  species, w ithou t 
requiring  sophisticated and  tim e-consum ing  m echanistic m odels 
th a t depend  heavily o n  detailed knowledge o f  processes for each 
species, w hich are likely to  be lacking for all b u t a few species. 
A nother p rom ising  approach  in  m arine  systems is to  force existing 
coupled p o p u la tio n -p h y sica l m odels w ith o u tp u t from  clim ate 
m odels. M any popu lation  m odels th a t have been  coupled to  
hydrodynam ic m odels describe the life history, dem ography, and
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Figure 8. Projected surface tem perature changes for decades early (2020-2029, left) and late (2090-2099, right) in the  21st century relative 
to  1980-1999. Panels show the CCM m ultimodel average projections for the B1 (top), A1B (middle), and A2 (bottom ) emission scenarios. 
The three scenarios range from a relatively low emissions scenario (B1), through an interm ediate scenario (A1B), to  a high-emissions future 
(A2; from IPCC, 2007a, with permission).

survival o f  key m em bers o f  the Zooplankton (e.g. the spatio- 
tem poral dem ographic m odel for C. finm archicus in  the 
N ortheast Atlantic; Spiers et al., 2005). Such m odels could  be 
used relatively easily to investigate the im pact o f  clim ate change 
o n  critical life-history processes.

Empirical correlative approaches
The sim plest and  usually initial approach  to  assessing the  potential 
b io tic  responses to  clim ate change is to  use correlative re la tion­
ships betw een Zooplankton populations and an  oceanic o r a tm os­
pheric variable. Based o n  projections from  GCM s, the  relationship 
identified can th en  be used to  assess fu ture  consequences. For 
exam ple, A ttrill et al. (2007) report a positive relationship 
betw een an  index o f  jellyfish abundance from  1958 to 2000 and 
the  positive phase o f  the  NAO. This relationship  was th en  used 
predictively by  ob tain ing  the  projected fu ture trajectory  o f  the 
NAO over the  21st cen tury  un d er different clim ate scenarios 
(Figure 9). As GCM s are generally forecasting an  increased preva­
lence o f  the  positive NAO phase, A ttrill et al. (2007) pred ic t jelly­
fish b loom s will increase substantially  in  the  future. Such 
correlative environm ental relationships are a favoured too l o f 
m arine  ecologists, a lthough cau tion  is needed w hen identifying 
and  in terpreting  the relationships (Myers, 1998). This type o f 
em pirical m odelling is open  to  criticism  for extrapolating 
beyond the  range o f  the  data  w hen there  is no  m echanistic u n d e r­
p inn ing  and  has the  im plicit assum ption  that populations will be

regulated in  the  fu ture  sim ilarly to  the way they are now. This is 
clearly n o t always true; one o f  the  best exam ples is the  extrem ely 
tigh t inverse relationship from  1962 to  1992 (r =  —0.76, p <  
0.01, n =  31) betw een C. finm archicus abundance in  the 
N ortheast A tlantic and the  NAO, a consequence o f  the  influence

19 5 8  1 9 7 8  1 9 9 8  2 0 1 8  2 0 3 8  2 0 5 8  2 0 7 8  2 0 9 8

Year

Figure 9. Predicted exploratory trends in jellyfish frequency in the 
west-central North Sea until 2100. Regression model between 
jellyfish and the NAO (initial solid line for existing data) coupled 
with ou tpu ts from NAO predictions under seven future climate 
change scenarios (Osborn, 2004; thin lines). The thick black line 
represents the  mean for the  seven scenarios (from Attrill et al., 2007). 
Reprinted by permission of the American Society of Limnology and 
Oceanography, Inc.
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Figure 10. Zonally averaged change (global warming minus control) of (a) sea-surface tem perature (solid line, °C) and mixed layer depth 
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broken line, %; from Bopp et al., 2004).

o f  this clim ate index on  westerly w inds and  tem perature  
(F rom entin  and Planque, 1996). This relationship broke dow n 
from  1996 on  (Reid et al., 2003), presum ably  because conditions 
and  circum stances underp in n in g  the  relationship changed. 
Tem peratures in  the  region have w arm ed, resulting in  a progressive 
no rtherly  shift in  d istribu tion  o f  C. finm archicus in  the  N ortheast 
Atlantic over the  past 45 years in  response to  regional w arm ing 
(B onnet et ah, 2005), and  this is likely to  have been especially 
strong over the  very w arm  years o f  the past decade. As the  NAO 
has different regional im pacts o n  local hydroclim ate (O ttersen  
et ah, 2001), it is n o t surprising  th a t a relationship linking the 
NAO to  the abundance o f  C. finm archicus m ay n o t be stable 
th rough  tim e w hen the  d istribu tion  o f  a species changes. H aving 
said this, correlative approaches give testable predictions (albeit 
on  a long tim e-scale) and  provide a valuable starting  p o in t for 
build ing  m ore m echanistic m odels that better capture underlying 
processes and  m ay therefore provide bette r predictions.

N utrien t-ph ytop lan kton -Zooplankton m odelling
As p lank ton  occur in  vast num bers, exhibit relatively sim ple beha­
viour, and are am enable to  experim ental m an ipu lation  and  a u to ­
m ated  m easurem ents, their dynam ics are far m ore easily 
elucidated, m odelled, and  verified th an  h igher troph ic  levels. 
This m akes it easier to investigate poten tial im pacts o f  clim ate 
change on  p lank ton  com m unities in  a m echanistic way com pared 
w ith h igher trophic  levels.

D ynam ics o f  p lank ton  com m unities at a first approx im ation  
are cap tured  by n u tr ie n t-p h y to p la n k to n -z o o p la n k to n  (NPZ) 
m odels. The basic biological un its  in  such m odels are based o n  a 
functional group (guild) representation  o f  p lank ton  com m unities, 
where species w ith  sim ilar ecological function  are g rouped in  
guilds. N PZ m odels can be  coupled to GCM s o f  the E arth’s 
clim ate system, allowing investigation o f  the  po ten tial fu ture  
states o f  p lank ton  com m unities un d er alternative projections o f 
climate.

Results from  the N PZ m odel o f  Bopp et al. (2004, 2005) suggest 
th a t un d er doubling  o f  p re-industrial C 0 2 levels, global prim ary  
p roductiv ity  m ay decline by 5 -1 0 % . This trend  is n o t uniform , 
b u t indicates p roductiv ity  increases o f  2 0 -3 0 %  in  high latitudes 
and  m arked declines in  the  stratified tropical oceans (Figure 10).

This and o th er m odels generally suggest th a t warm er, m ore stra ti­
fied conditions in  the  tropics will reduce n u trien t concentrations 
in  surface waters, w hich will lead to  sm aller phytop lank ton  cells 
dom inating  over larger d iatom s, thereby lowering Zooplankton 
biom ass. A decrease in  export p ro d u c tio n  is also projected, re d u ­
cing the oceanic up take o f  C 0 2 by  lowering the efficiency o f  the 
biological pum p. This could  con tribu te  to  a positive feedback 
betw een clim ate change and  the ocean carbon  cycle, leading to  
rap id  and  potentially  unstable clim ate shifts (D enm an and Peña, 
2002).

There is already observational evidence supporting  som e o f 
these m odel projections. Decreased n itra te  availability was appar­
en t in  the 20th cen tu ry  du ring  w arm  periods in  b o th  hem ispheres, 
and  a decreasing tren d  is clearly evident globally since the  1970s 
(Kamykowski and  Zentara, 2005). O cean colour satellite data 
based o n  CZCS (1979-1986) and  SeaWiFS (1997-2000) show  
th a t global ocean phytop lank ton  chlorophyll decreased 8% from  
the  early 1980s to the  late 1990s (Gregg and  C onkright, 2002). 
Behrenfeld et al. (2006) dem onstra te  th a t global, dep th-in tegrated  
chlorophyll biom ass since 1999 has d ropped  by  an  average o f 
0.01 T g y ea r-1 . This decline was d riven by El N iño-üke  clim atic 
conditions th a t enhanced stratification in  the expansive stratified 
low -latitude oceans and  consequently  reduced n u trien t availability 
for phytoplankton. As som e clim ate m odels predic t m ore  p erm a­
nen t El N iño  conditions in  a w arm er system state, this study 
suggests that the abundance and  p roductiv ity  o f  p lank ton  co m m u ­
nities in  the  tropical oceans could  decline in  the  future. There is 
also som e evidence th a t global tim e-series o f  Zooplankton ab u n ­
dance are declining in  the tropical N o rth  Atlantic (Piontkovski 
and  Castellani, 2007). A ny fu tu re  reductions in  p rim ary  and sec­
o ndary  productiv ity  and export p ro d u c tio n  will n o t only reduce 
the  food available for h igher troph ic  levels in  pelagic ecosystems, 
b u t will also im pact deep ocean com m unities (Ruhl and  Sm ith,
2004).

Potential future directions
Richer Zooplankton functional groups
To achieve the break throughs needed to  answer the  m any  ques­
tions concerning the im pact o f  clim ate change on  Zooplankton,
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we need a bette r descrip tion  o f  Zooplankton functional groups, 
their hab ita t preferences, and  ecosystem  roles. W ith in  N PZ 
m odels, phy top lank ton  com ponents are being expanded and 
refined to  include different functional groups such as centric 
and  pennate  diatom s, p icoau to trophs, dinoflagellates, nanoflagel- 
lates, coccolithophores, and nitrogen-fixers (e.g. Le Q uéré et al.,
2005), b u t there  has been less progress to  date on  incorporating  
Zooplankton functional groups. An exam ple o f  m ore  detailed, 
refined phytop lank ton  functional types is found  in  Smayda and 
Reynolds (2001), w ho describe dinoflagellate functional types for 
harm fu l algal b loom s and  their hab ita t preferences. O f  course, 
for phytoplankton, au tom ated  d iscrim ination  techniques and  sat­
ellite oceanography can o ften  separate functional groups providing 
m odel validation; this is n o t as easy for Zooplankton. Z ooplankton  
researchers w ant answers to  basic questions associated w ith 
clim ate change, such as w hether jellyfish o r c tenophores m ay 
increase, w hether large crustaceans will be replaced by  smaller 
ones, and w hether we are likely to  see ecosystems dom inated  by 
m erop lank ton  o f  ben th ic  species. Therefore, we need to  develop 
m ore com plete and  m eaningful Zooplankton functional groups 
and  im plem ent these in  appropria te  m odels. Incorporating  extra 
Zooplankton com plexity  is laden w ith  difficulties related to 
poorly  understood  ecology, scarcity o f  data, and the  best way to 
aggregate diversity w ith in  functional groups. Z ooplankton  
researchers could  take a leaf ou t o f  the  phytop lank ton  ecologists’ 
bo o k  and progress tow ards richer Zooplankton functional 
groups in  global N PZ m odels.

A valuable step in  this d irection  is the recent paper investigating 
the  role o f  biogeochem ical fluxes th rough  m esozooplank ton  using 
an  N PZ m odel (B uitenhuis et al., 2006). Global N PZ m odels typi­
cally lum p m icro- and  m esozooplankton  in to  a single functional 
group, despite their different troph ic  roles, hab ita t preferences, 
and  con tribu tions to vertical carbon  flux. B uitenhuis et al.
(2006) param eterized the m esozooplankton  separately from  the 
m icrozooplankton  and validated the  m odel against biom ass esti­
mates. They found  th a t food selection by  m esozooplankton  was 
curren tly  n o t sufficiently quantified  in  the m odel. Salps are 
ano ther im p o rtan t Zooplankton group  th a t m u st be  included in 
N PZ m odels, because these gelatinous grazers have faecal pellets 
th a t sink rapid ly  and  are thus an  im p o rtan t source o f  carbon 
export from  surface layers and  provide a m echanism  o f  pelagic -  
ben th ic  coupling. M any o ther im p o rtan t Zooplankton groups, 
such as jellyfish, that m ay be increasing in  o u r oceans need to be 
included in  ecosystem m odels. We m ust synthesize o u r knowledge 
o f  the identity, abundance, and key param eters needed for in co r­
porating  Zooplankton functional groups in to  N PZ m odels. This is 
starting  to  happen. Le Q uéré et al. (2005) have recently described a 
p ro to type “dynam ic green ocean m odel” by identifying key Zoo­
p lank ton  functional types, the  key processes contro lling  their 
dynam ics, and  the  sources o f  in fo rm ation  necessary to  param eter­
ize these processes. W orking w ith ecosystem m odellers to  in co r­
porate add itional Zooplankton com plexity  will n o t only help 
answer o u r questions concerning the im pacts o f  clim ate change 
o n  Zooplankton, b u t it will also provide a better understand ing  
o f  the  feedback m echanism  betw een m arine ecosystems and 
clim ate.

Enhanced effort in tropical systems
Currently, we have far less understand ing  o f  how  the phenology, 
d istribu tion , co m m unity  com position , and abundance o f  tropical 
pelagic systems will respond  to  clim ate change com pared w ith

their tem perate counterparts. M ost Zooplankton research has 
been  in  n o rth e rn  hem isphere tem perate systems, w here env iron­
m ental conditions and  populations undergo m arked seasonality. 
For exam ple, the  latest IPC C  report indicates that, o f  the  28 586 
biological dataseries globally in  terrestrial systems th a t have 
revealed a significant change consistent w ith  global warm ing, 
only 39 com e from  areas outside  Europe and N o rth  Am erica 
(IPCC, 2007b), highlighting the dearth  o f  knowledge from  tropical 
and  so u thern  hem ispheric systems. A lthough observed and  p ro ­
jected w arm ing is greatest tow ards the poles (IPCC, 2007a), 
there  will still be substantial w arm ing in  equatorial regions 
(Figure 8). In  term s o f  Zooplankton, only 4 o f  the  28 tim e-series 
( > 1 0  consecutive years) listed in  Perry  et al. (2004) are from  tro ­
pical systems, and  all o f  these are from  upwelling areas. This s itu ­
a tion  is being redressed by  am algam ating sam pling program m es to 
form  conglom erate tim e-series (Piontkovski and Castellani, 2007), 
and  som e existing program m es such as HO TS and BATS are now  
~ 1 0  years long.

In  a study  o f  po ten tial im pacts o f  clim ate change o n  the tropical 
p lank ton  co m m unity  o f  the Great Barrier Reef, M cK innon et al.
(2007) concluded that the  effects o f  changes in  n u trien t en rich ­
m en t processes in  that region will outw eigh changes in  d istri­
b u tio n  and  phenology. Certainly, phenology is likely to  change 
less in  relatively aseasonal tropical areas, w here light is alm ost 
never lim iting, com pared w ith highly seasonal tem perate and 
polar regions, w here light is lim iting  in  w inter. In  w arm  oligo­
t r o p h a  regions th a t dom inate  m uch  o f  the  w orld ’s oceans, small 
changes in  n u trien t enrichm ent will have p ro fo u n d  im plications 
for phyto- and  Zooplankton com m unities.

Investigating ecosystem  resilience
Research on  clim ate change im pacts should  n o t be perform ed  in 
isolation  b u t m ust be linked w ith research in to  im pacts o f  o ther 
an thropogenic  stressors o n  m arine  ecosystems. M arine systems 
th a t have already been highly m odified by  a host o f  anthropogenic  
stresses, such as fishing, eutrophication , po llu tion , and exotic 
pests, are less resilient to  clim ate change (Jackson et al., 2001; 
H ughes et al., 2003; Pandolfi et al., 2005; Poloczanska et al.,
2007). M arine systems already exhibit signs o f  heavy fishing 
pressure, w ith  m ost fish species overexploited (H ilbo rn  et al.,
2003), individual species shrinking in  m ean  size (W ard and 
Myers, 2005), fishers harvesting sm aller species (Essington et al.,
2006), and  fishers needing to harvest from  deeper waters 
(W atson et al., 2004). E u troph ication  is a m ajor p roblem  for 
coastal areas and  can lead to  jellyfish bloom s (Mills, 2001). 
In troduced  species can also have severe consequences for m arine 
ecosystems (e.g. exotic ctenophores in troductions in  the  Black 
Sea; Purcell, 2005). All these an thropogenic  stresses decrease the 
resilience o f  m arine ecosystems to  clim ate change.

Som e o f  the cu rren t leading conceptual thinkers in  m arine  
ecology have w arned (e.g. Jackson et al., 2001; Parsons and  Lalli, 
2002; Pandolfi et a l ,  2005; B akun and Weeks, 2006) th a t m arine  
systems are undergo ing  ab ru p t shifts to  unw anted  stable states 
dom inated  by  m icrobes, flagellates, bacterial m ats, and  jellyfish. 
These opportun istic  species are capitalizing on  ecosystems stressed 
by  overfishing, eu troph ication , po llu tion , and  clim ate change.

I f  we are to  m inim ize the  im pact o f  clim ate change on  m arine  
ecosystems, we canno t concentrate on  clim ate change in  isolation 
b u t m ust address the  issue o f  the  im pact o f  h u m an  activities 
holistically. O ur science m ust develop innovative ways to  bolster 
ecosystem resilience to  clim ate change. For exam ple, Zooplankton
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com m unities will be m ore resilient to  clim ate change if  we develop 
new  ways o f  m inim izing ballast-w ater in troductions, reducing 
nu trien t inpu ts th rough  im proved farm ing practices, reducing 
po llu tion  sources, and  im proving fishery m anagem ent and  com ­
pliance to reduce overexploitation o f  m arine  resources. These n o n ­
clim ate stressors can be m anaged faster th an  clim ate change by 
altering policy and m anagem ent practices o n  national and  regional 
scales (Poloczanska et al., 2007). Applied integrated  research that 
assesses m anagem ent op tions for addressing synergistic effects o f  
clim ate change, together w ith o ther h u m an  stressors, is urgently  
required.

A species-level Zooplankton observing system
A lthough adopting  a functional group approach is useful in  m o d ­
elling studies to  sim plify large and  com plex problem s, species- 
specific in fo rm ation  is essential in  m any  circum stances. 
A com m on  them e th ro u g h o u t this review has been  the  im portance 
o f  particu lar species for in te rp reting  clim ate change im pacts. The 
clearest exam ple o f  this need has been the  replacem ent o f
C. finm archicus by  C. helgolandicus, as water has w arm ed in  the 
N o rth  Sea, and the resulting m ism atch betw een the spaw ning o f 
cod in  spring and the  availability o f  a suitable food environm ent 
(see the section o n  d istribu tion  changes). This is despite these 
Calanus congeners being alm ost indistinguishable to  all b u t the 
trained  eye. O nly w ith such a species-specific analysis could  the 
causal link  betw een food abundance and  successful cod recru it­
m en t be m ade (B eaugrand et al., 2003). C urrently  we m u st rely 
on  skilled para-taxonom ists for identification o f  sam ples collected 
at sea.

A lm ost all case studies highlighted in  this review are the  result 
o f  m ultidecadal m o n ito ring  program m es. C o n tinua tion  o f  these 
tim e-series in  the  past has been  extrem ely difficult at times. 
D uring  the 1980s, 40%  o f  the m arine  tim e-series th a t were 
in itiated  after W orld W ar II were d iscontinued  because m o n ito r­
ing was viewed as p o o r science by adm in istrato rs and  m any  scien­
tists (D uarte  et al., 1992). M onito ring  program m es have 
experienced a renaissance since the 1990s, because it has been rea­
lized th a t long-term  datasets are key to docum en ting  and  u n d e r­
standing im pacts o f  clim ate change. This has m arkedly im proved 
the su p p o rt for m any  m o n ito ring  program m es (Hays et al.,
2005). We are fo rtunate  to  have the  long-term  Zooplankton tim e- 
series that we do, the  result o f  the persistence and vision o f  in d i­
vidual scientists decades ago. We m ust be aware w hen in terpreting  
the im pacts o f  clim ate change th a t alm ost all Zooplankton tim e- 
series are no  longer th an  50 years in  duration , and  do n o t span 
the 1930s-1940s w arm  event (H obson  et al., 2008).

Closer alliances w ith in te rnational initiatives, such as the  Global 
O cean Observing Systems (GOOS), m ay  strengthen the long-term  
prospects o f  Zooplankton tim e-series. A tru ly  in tegrated m arine 
observing system needs to  have a strong biological com ponent, 
otherw ise it will ru n  the  risk o f  being able to  detail fu tu re  physical 
and  chem ical changes b u t be unaw are o f  biological consequences. 
M onito ring  the biological env ironm ent is pa rt o f  GOOS, b u t it has 
often  been overshadow ed by the  easier process o f  physical and 
chem ical m onito ring . Linking Zooplankton tim e-series regionally 
and  globally in to  a Zooplankton observing system as a m ajor com ­
po nen t w ith in  GOOS m ay help m obilize long-term  financial 
su p p o rt from  funding  agencies.

I hope th a t this review helps to  reinforce the  com pelling scien­
tific case for the  con tinued  financial su p p o rt for Zooplankton 
observing systems.
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