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Climate Impact on Plankton
Ecosystems in the Northeast

Atlantic
Anthony J. Richardson1* and David S. Schoeman2

It is now widely accepted that global warming is occurring, yet its effects on
the world’s largest ecosystem, the marine pelagic realm, are largely unknown.
We show that sea surface warming in the Northeast Atlantic is accompanied
by increasing phytoplankton abundance in cooler regions and decreasing phy-
toplankton abundance in warmer regions. This impact propagates up the food
web (bottom-up control) through copepod herbivores to zooplankton carni-
vores because of tight trophic coupling. Future warming is therefore likely to
alter the spatial distribution of primary and secondary pelagic production,
affecting ecosystem services and placing additional stress on already-depleted
fish and mammal populations.

Not only do plankton provide food for marine
mammals and commercially important fish,
they also play a fundamental role in the func-
tioning of marine ecosystems by providing
half the global primary production (1) and
contributing substantially to biogeochemical
cycling (2). How global climate change
might affect biological communities such as
marine plankton is therefore a matter for
concern (3). There is evidence of climate-
mediated biogeographical shifts among some
groups of marine plankton such as the cal-
anoid copepods (4 ), but the overall re-
sponse of phytoplankton and zooplankton
communities, which is likely to depend on
the form and strength of the linkages be-
tween successive trophic levels, is not
known. Until we understand these process-
es, we will not know how resilient such
food webs are to global-scale impacts, such
as climate change, eutrophication, pollu-
tion, or over-fishing, and it will be difficult
to manage marine resources sustainably.

To predict the response of the base of the
marine food web to climate change, we need
a better understanding of the type and degree

of coupling between trophic levels in marine
systems. Complex biological systems are
generally controlled by their top predators
through top-down control, by their producers
through bottom-up control, or by a number of
key species in the middle through wasp-waist
control (5). For the plankton ecosystem with-
in the marine pelagic realm, there is currently
conflicting evidence on when these types of
control operate, and on what scales. Some
workers suggest tight bottom-up coupling of
plankton trophic levels (2, 6, 7), whereas
others conclude that strong top-down control
(8) or weak coupling (9, 10) is operative.

Complicating the identification of pro-
cesses underpinning marine food web dy-
namics is a range of methodological limita-
tions: time series of biotic variables tend to be
short; spatial coverage of most studies is
restricted to point sampling; and syntheses
often attempt to combine results from studies
with very different field and analytical ap-
proaches. We overcome such problems by
using 115,322 samples taken by the Contin-
uous Plankton Recorder (CPR) survey in the
Northeast Atlantic between 1958 and 2002.
These samples have been collected, pro-
cessed, and analyzed in a consistent manner,
yielding reliable time series for �400 taxa
(11) and providing a unique opportunity to
investigate planktonic ecology over decadal
and ocean basin scales. Using these data, we
construct a conceptual pelagic food web
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comprising phytoplankton (diatoms and
dinoflagellates), copepod herbivores, and
zooplankton carnivores (see supporting on-
line text for taxonomic membership of func-
tional groups). Because we are interested in
ecosystem responses, rather than local or
taxon-specific responses as in many previous
studies (5, 8, 12, 13), we calculate the total
abundance (11) of all species sampled within
each of these functional groups (14). We use
mean annual sea surface temperature (SST;
HadISST Version 1.1 from Hadley Centre,
UK Met Office) as an environmental proxy
because it is an important manifestation of
climate change (4), it is associated with
changes in phytoplankton community struc-
ture (15), and it is available over the time and
space scales necessary for this study (16).

Because of the difficulty of testing hy-
potheses in the global oceans by conducting
in situ manipulative experiments at the scale
of the present study, conclusive cause-and-
effect evidence of underlying mechanisms is
not possible. The comparative approach is
often useful in such situations, and we use
this method to test ideas concerning the im-
pact of climate change on the plankton com-
munity and also to investigate the form and
strength of trophic linkages (relationships be-
tween functional feeding groups that are ad-
jacent to one another in the conceptual food
web) within the plankton. This is achieved by
partitioning the Northeast Atlantic into re-
gions based on “standard boxes” used in the
survey (Fig. 1). Within these regions we cal-
culate annual mean SST and abundance time
series for each trophic level (17) to minimize
temporal autocorrelation associated with
strong seasonality. We then correlate time
series of annual means from different trophic

levels. Strong bottom-up control should re-
sult in a positive correlation between predator
and prey, strong top-down control should
result in a negative correlation between pred-
ator and prey, and strong climate control at
any level within the food web should result in
significant correlations between abundance
within a trophic level and some environmen-
tal (here SST) variable (13). To identify gen-
eral patterns, we then use a random-effects
meta-analysis (13) to combine individual cor-
relation coefficients across our study domain.
We focus on the 20 regions in the Northeast
Atlantic that have sufficient data (20 or more
years) (Fig. 1) to estimate the temporal auto-
correlation functions that are required for ad-
justing effective degrees of freedom using the
modified Chelton Method (18, 19). To mini-
mize potential effects of spatial autocorrela-
tion, we also perform a meta-analysis on a
subset of nine noncontiguous regions (A1,
A6, B2, C3, C5, D1, D3, E5, and F4—this is
the largest possible number of noncontiguous
regions that has the longest overall time se-
ries). Examination of patterns of covariation
in environmental and trophic relationships in
pairwise combinations of these nine noncon-
tiguous regions (supporting online text) con-
firms that their spatial separation allows them
to be regarded as replicates.

Correlations between phytoplankton abun-
dance and SST for each of the 20 regions that
have sufficient data for analysis are shown in
Fig. 2A. We set � at 0.01 for all analyses to
ameliorate the effects of multiple hypothesis
tests, so correlations are significant when the
99% confidence intervals do not overlap zero.
There is no consistent pattern in the sign of the
correlations over the regions, and only two of
the individual correlation coefficients are sig-

nificant. Furthermore, neither the meta-analysis
for all regions [rAll � 0.12, Z � 1.94, not
significant (n.s.)] nor that for the subset of nine
noncontiguous regions (rSubset � 0.06, Z �
0.60, n.s.) is significant, suggesting no overall
linear relation.

The possibility remains, however, that al-
though the relation between phytoplankton
abundance and SST is not consistent through-
out the study domain, its strength neverthe-
less varies in a predictable way (13, 20). To
examine this hypothesis, we plot the phyto-
plankton abundance–SST correlation against
mean SST for each region (Fig. 2B) and find
a strong negative relation for all areas (r �
�0.61, P � 0.01, n � 20) as well as for the
subset of noncontiguous areas (r � �0.81,
P � 0.01, n � 9). These results imply that the
abundance of phytoplankton increases as SST
warms in cooler waters of the Northeast At-
lantic, but that it decreases as SST increases
in warmer waters.

This complex response of phytoplankton
abundance to SST probably arises because tem-
perature not only affects biota directly, but also
acts as a useful proxy for other physical pro-
cesses regulating the size structure, taxonomic
composition, and abundance of phytoplankton
communities (15, 21). For instance, seasonal
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and regional changes in vertical stratification
and nutrients are often associated with changes
in SST (22, 23). In the Northeast Atlantic, there
is also a strong relation between winds and
SST, particularly westerly winds (24) that are
important for mixing and stratification, a likely
consequence of the large-scale atmospheric
forcing by the North Atlantic Oscillation
(NAO) (25).

The regions in this study generally fall into
two turbulence–nutrient regimes associated
with temperature (15), namely, turbulent–nutri-
ent–rich cool waters (left side of Fig. 2B) and
stratified–nutrient-poor warm waters (right side
of Fig. 2B). In cooler waters with relatively
strong turbulence and plentiful nutrients, it is
likely that warming will boost phytoplankton
metabolic rates as well as increase stratifica-
tion, both processes leading to increased phy-
toplankton abundance (21). In warmer, more
stratified waters with limited nutrients, it is
likely that warming may reduce total phyto-
plankton abundance (at least of large cells),
because increased heating can enhance exist-
ing stratification (2), reducing the availa-
bility of nutrients to phytoplankton and lead-
ing to a microbial-dominated community
(26). This inverse linear relation between the
response of phytoplankton abundance to SST
and mean regional SST may therefore hold
for large areas of the open ocean and conti-
nental shelf.

This does not discount the existence of
other oceanographic processes in areas where
factors such as salinity can play a dominant
role in controlling water-column stability

(15). Examples include areas close inshore
where stability is influenced by riverine run-
off (stratified–nutrient rich), and polar re-
gions where stability is controlled predomi-
nantly by ice melt (turbulent–nutrient poor/
high nitrate). However, such areas make up
only a tiny fraction of the temperate marine
pelagic environment and are not well sam-
pled by the CPR survey, thereby effectively
excluding them from our analysis.

To determine whether the climate signal
propagates up the plankton food web (bot-
tom-up) or whether grazing by herbivores
may impact phytoplankton abundance (top-
down), we investigate the link between the
abundances of copepod herbivores and their
phytoplankton prey. All but one linkage is
positive, although most of the correlations are
not significant individually (Fig. 3A). The
meta-analysis of all regions nevertheless in-
dicates that the overall relation between the
abundances of herbivorous copepods and
phytoplankton is positive and highly signifi-
cant (rAll � 0.27, Z � 6.41, P � 0.0001),
with the analysis of the noncontiguous re-
gions verifying this result (rSubset � 0.25,
Z � 3.54, P � 0.001). These positive corre-
lations are unlikely to be a consequence of
both trophic levels responding directly to
SST, because there was no significant rela-
tion between copepod herbivore abundance
and SST (rAll � �0.04, Z � �0.65, n.s.;
rSubset� 0.06, Z � 0.60, n.s.). These relation-
ships are therefore likely to result from con-
sistent bottom-up control of herbivorous
copepods by their phytoplankton prey, al-
though the relatively small correlation coef-
ficients suggest that other factors such as
disparities in P/B (production/biomass) ratios
between predators and their prey might also
be important in this link.

To assess whether the signal propagates as
far as secondary consumers, we investigated
the link between abundances of zooplankton
carnivores and their copepod herbivore prey
(Fig. 3B). All correlations are strongly
positive and all but one are individually sig-
nificant. The meta-analysis of all regions
confirms that there is a very strong and sig-
nificant positive relation between abundances
of secondary consumers and herbivorous
copepods (rAll � 0.72, Z � 11.92, P �
0.0001), with the analysis of noncontiguous
regions supporting this conclusion (rSubset �
0.79, Z � 10.10, P � 0.0001). These strong
positive correlations are unlikely to be a con-
sequence of both trophic levels responding
directly to SST, because there was no signif-
icant relation between carnivorous zooplank-
ton abundance and SST (rAll � 0.11, Z �
1.63, n.s.; rSubset � 0.12, Z � 0.88, n.s.). These
results suggest that there is close and consistent
bottom-up control of carnivorous zooplankton
by their herbivorous copepod prey.

By investigating the linkages in the plank-

ton food web at large time and space scales
that subsume local variation, meaningful pat-
terns are revealed (21). The magnitude, to-
gether with the consistency in form, of the
linkages from phytoplankton through cope-
pod herbivores to zooplankton carnivores
provides strong support for dominant bottom-
up control within the plankton community in
the Northeast Atlantic over the time (de-
cades) and space (ten thousands of km2)
scales of the present study. This contrasts
with recent meta-analyses (9, 10), which con-
clude that linkages within the marine plank-
ton community tend to be weak or inconsis-
tent across trophic levels. The strengths of
our study, and hence the value of our results,
include its wide spatial and temporal scales,
the incorporation of a broad taxonomic diver-
sity in each trophic level, and the uniform
sampling methodology through time for all
plankton in the different regions.

The present findings suggest a possible
mechanism underlying some previously ob-
served relationships between fish ecology
and climate. For example, recent work has
shown that warmer temperatures in north-
ern areas of the Northeast Atlantic support
good cod recruitment, whereas warmer
temperatures in areas to the south are det-
rimental to cod recruitment (27 ). More-
over, relationships between the NAO and
many fish stocks in the Northeast Atlantic
(28) may be a consequence of the impact of
the NAO on local conditions, such as tem-
perature (24), which then may propagate up
the plankton food web.

The tight coupling between the plankton
trophic levels in marine pelagic ecosystems
over the large time and space scales shown in
this study should aid prediction of impacts of
future climate change on marine food webs.
Over the study period (1958 to 2002), we
observed a slight cooling of 0.1°C in some
northern areas, but a substantial warming of
0.5°C in the southern regions. Ocean temper-
atures are likely to be further affected by
anthropogenic climate change; the Intergov-
ernmental Panel on Climate Change predicts
a rise in temperature of between 2° and 4°C
in the northeast Atlantic by 2100, with great-
er increases in the north than in the south
(29). Our findings suggest that any effects of
such climate change will have an impact on
phytoplankton, copepod herbivores, and zoo-
plankton carnivores, thereby affecting eco-
system services, such as oxygen production,
carbon sequestration, and biogeochemical cy-
cling. Although the direct consequences of
these changes for fisheries are not clear, it
seems inevitable that fish, seabirds, and
marine mammals will need to adapt to a
changing spatial distribution of primary and
secondary production within pelagic marine
ecosystems. Given the scales at which our
analyses were conducted and the consistency
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of our results, it is reasonable to expect that
our findings may generalize to other mid-
latitude marine pelagic ecosystems. Under
such a scenario, impacts will undoubtedly be
felt not only in the oceans, but also in terres-
trial ecosystems globally.

References and Notes
1. P. G. Falkowski, R. T. Barber, V. Smetacek, Science

281, 200 (1998).
2. D. Roemmich, J. McGowan, Science 267, 1324 (1995).
3. L. Hughes, Trends Ecol. Evol. 15, 56 (2000).
4. G. Beaugrand, P. C. Reid, F. Ibañez, J. A. Lindley, M.
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Methanobactin, a
Copper-Acquisition Compound

from Methane-Oxidizing Bacteria
Hyung J. Kim,1* David W. Graham,1† Alan A. DiSpirito,5

Michail A. Alterman,2 Nadezhda Galeva,3 Cynthia K. Larive,4

Dan Asunskis,6 Peter M. A. Sherwood6

Siderophores are extracellular iron-binding compounds that mediate iron trans-
port into many cells. We present evidence of analogous molecules for copper
transport from methane-oxidizing bacteria, represented here by a small fluo-
rescent chromopeptide (C45N12O14H62Cu, 1216 daltons) produced by Methy-
losinus trichosporium OB3b. The crystal structure of this compound, meth-
anobactin, was resolved to 1.15 angstroms. It is composed of a tetrapeptide,
a tripeptide, and several unusual moieties, including two 4-thionyl-5-hydroxy-
imidazole chromophores that coordinate the copper, a pyrrolidine that confers
a bend in the overall chain, and an amino-terminal isopropylester group. The
copper coordination environment includes a dual nitrogen- and sulfur-donating
system derived from the thionyl imidazolate moieties. Structural elucidation of
this molecule has broad implications in terms of organo-copper chemistry,
biological methane oxidation, and global carbon cycling.

The mechanisms involved in microbial cop-
per homeostasis are rapidly being elucidated,
although the workings of such systems are
only understood in model organisms such as
Escherichia coli, Enterococcus hirae, and
Saccharomyces cerevisiae (1–4). In these or-
ganisms, copper homeostatic systems are
geared toward active detoxification as op-

posed to accumulation and storage. However,
in many methanotrophic bacteria (aerobes
that oxidize CH4 for carbon and energy and
play a major role in the global carbon cycle),
copper homeostasis differs because copper
requirements can be up to fourfold higher
than iron requirements (5–7). In such meth-
anotrophs, copper plays a central role in me-
tabolism, regulating expression of two meth-
ane monooxygenases: a soluble methane
monooxygenase (sMMO) and particulate
methane monooxygenase (pMMO) (5, 8–10).
Copper also influences the expression of at
least two of the four formaldehyde dehydro-
genases (11–13), the development of internal
membranes (5, 8, 14, 15), and the expression
of other polypeptides related to copper regu-
lation or transport (5, 16–19).

Given the notable role of copper in meth-
anotroph physiology, we postulated that these
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