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ABSTRACT: Evidence of global warming is now unequivocal, and studies suggest that it has
started to influence natural systems of the planet, including the oceans. However, in the marine
environment, it is well-known that species and ecosystems can also be influenced by natural
sources of large-scale hydro-climatological variability. The North Atlantic Oscillation (NAO) was
negatively correlated with the mean abundance of one of the subarctic key species Calanus finmarchicus in the North Sea. This correlation was thought to have broken down in 1996, however,
the timing has never been tested statistically. The present study revisits this unanticipated change
and reveals that the correlation did not break down in 1996 as originally proposed but earlier, at
the time of an abrupt ecosystem shift in the North Sea in the 1980s. Furthermore, the analyses
demonstrate that the correlation between the NAO and C. finmarchicus abundance is modulated
by the thermal regime of the North Sea, which in turn covaries positively with global temperature
anomalies. This study thereby provides evidence that global climate change is likely to alter some
empirical relationships found in the past between species abundance or the ecosystem state and
large-scale natural sources of hydro-climatological variability. A theory is proposed to explain
how this might happen. These unanticipated changes, also called ‘surprises’ in climatic research,
are a direct consequence of the complexity of both climatic and biological systems. In this period
of rapid climate change, it is therefore hazardous to integrate meteo-oceanic indices such as the
NAO in models used in the management of living resources, as it has been sometimes attempted
in the past.
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There is unequivocal evidence that the world is
warming at an unprecedented rate (Intergovernmental Panel on Climate Change 2007). Many studies
suggest that global warming is having a discernible
impact on biological and ecological systems of the
biosphere, although it remains difficult to decipher
the influence of natural climatic variability from
global warming in many oceanic regions. For example, climatic variability related to the North Atlantic

Oscillation (NAO) strongly influences marine ecosystems, and a large range of physical and biological
responses to the NAO have been documented
(Ottersen et al. 2001).
In the North Sea, Fromentin & Planque (1996)
provided evidence that year-to-year fluctuations in
the state of the NAO and the abundance of the subarctic key-structural species Calanus finmarchicus
around the British Isles were correlated negatively
(Fromentin & Planque 1996). They also showed that the
warm temperate species C. helgolandicus was posi-
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tively related to the NAO although the relationship
was weaker and with a 1 yr lag. Many hypotheses
were proposed to explain the link between the NAO
and these species: wind-induced turbulence and
prey-predator interactions, the influence of temperature on competition between both species, bottom-up
control, changes in biogeographical boundaries between both species, the volume of Norwegian Sea
Deep Water in which C. finmarchicus is known to
overwinter and the flow of the European shelf edge
current (Heath et al. 1999, Beaugrand 2009).
Subsequently, Planque & Reid (1998) attempted to
forecast the abundance of Calanus finmarchicus in
the North Sea as a function of the NAO. Such forecasting would have been very helpful as the species
is of great importance for higher trophic levels. However, the relationship between the NAO and the
abundance of C. finmarchicus surprisingly broke
down. This was unexpected as the relationship held
for > 30 yr. It ceased apparently from 1996, a year
marked by one of the most extreme negative phases
of the NAO (Planque & Reid 1998). The relationship
has been recently revisited (Kimmel & Hameed 2008)
but the timing from when it ceased was assumed to
be 1996. The authors proposed an alternative model
function of the abundance of C. finmarchicus the previous year and the state of the NAO. They tested the
model for 3 periods: 1958 to 1980, 1958 to 1992, and
1981 to 2002 and showed that the model performed
better during the period 1958 to 1980 than after.
However, no analysis was performed to identify the
timing of the shift in the correlation between the 2
variables. Kimmel & Hameed (2008) also hypothesised that the reduction in the abundance of the subarctic copepod was mainly related to increasing sea
water temperatures.
The main objectives of the presented paper are:
(1) To investigate statistically when the negative
correlation between Calanus finmarchicus and the
NAO broke down,
(2) To demonstrate that sea temperature modulates
the relationship between the state of the NAO and
the abundance of Calanus finmarchicus in the North
Sea, and
(3) To examine which large-scale hydro-climatological phenomenon might be at the origin of the
alteration of the thermal regime of the North Sea and
the decline in the abundance of Calanus finmarchicus in the North Sea.
I finally propound a theory that explains how
global climate change might have influenced the
relationship between the NAO and Calanus finmarchicus. This theory might be used to better com-

prehend (1) the influence of natural climatic variability on species and (2) how this influence might be
altered by global warming.

MATERIALS AND METHODS
Biological data
Biological data on Calanus finmarchicus and C.
helgolandicus (1958 to 2007) come from the Continuous Plankton Recorder (CPR) survey (Reid et al.
2003a). The CPR survey is seen as one of the longest,
richest (in terms of species information), and geographically extensive ecological surveys in the
world.

Hydro-climatological data
The North Atlantic Oscillation (NAO; 1958 to 2007)
is a basin-scale alternation of atmospheric mass over
the North Atlantic, between the high pressures centred over the subtropical Atlantic and low pressures
around Iceland. The winter NAO index, corresponding to months from December to March, was used in
this study (Hurrell et al. 2001).
The Atlantic Multidecadal Oscillation (AMO; 1958
to 2007) is a large-scale oceanic phenomenon and the
source of natural variability in the range of 0.4°C in
the region covered by this study (Keenlyside et al.
2008).
Northern Hemisphere Temperature (NHT; 1958 to
2007) anomalies were used as an index of large-scale
change in sea surface temperature. The data were
provided by the Hadley Centre for Climate Prediction and Research, Meteorological Office, Exeter, UK
(www.metoffice.gov.uk).
Mean annual Sea Surface Temperature (SST; 1960
to 2007) in the North Sea originated from the International Comprehensive Ocean-Atmosphere Data Set
(ICOADS, 1-degree enhanced data) (Woodruff et al.
1987).

Key questions in this study
(1) Did the relationship between NAO and abundance of Calanus finmarchicus break down in 1996?
I examined the relationship between the winter
NAO index and Calanus finmarchicus by sliding correlation analysis (Kirby & Beaugrand 2009) to detect
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(2) Is the relationship between NAO and abundance
of Calanus finmarchicus modulated by the thermal
regime of the North Sea?
To relate the correlation calculated between the
NAO and Calanus finmarchicus, SST values were
averaged for each time period corresponding to the
windows (10 and 15 yr) used in the sliding correlation
analysis (Fig. 1d).
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Correlation and probability

when the relationship between the 2 variables
breaks down. Sliding correlation analysis can be sensitive to the size of the time window. That is why the
linear coefficient of Pearson was calculated from the
beginning of the time series (1958) to the end (2007)
by using 2 different time windows (10 and 15 yr;
Fig. 1a,b). Probabilities were adjusted for temporal
autocorrelation (Beaugrand 2009). As a result of the
correlation analyses, scatterplots of the abundance of
C. finmarchicus as a function of the winter NAO
index were presented for 3 periods: 1958 to 1962;
1963 to 1987; and 1988 to 2007 (Fig. 1c).
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I then examined graphically the relationships
between the relative proportion of Calanus finmarchicus (subarctic) and C. helgolandicus (warmtemperate) in the North Sea as a function of mean
annual SST, NHT anomalies, the NAO and the AMO
(Fig. 2). This analysis was conducted to attempt to
explain why the correlation between the NAO and C.
finmarchicus ceased and what processes modulate
the correlation. All analyses were programmed in
MATLAB (MathWorks).
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Fig. 1. Calanus finmarchicus. Sliding correlation analysis
between the winter NAO index and the mean annual abundance (as log10(x+1)) for the period 1958 to 2007, using a
time window of (a) 10 yr and (b) 15 yr. Black bars: correlation
values; grey line: values of probability after correction to
account for temporal autocorrelation. For the x-axis labels,
upper and lower years indicate the beginning and the end of
the time period for the correlation analysis, respectively.
(c) Scatterplots of C. finmarchicus as a function of the winter
NAO index for the period 1958 to 1962 (R), 1963 to 1987 (j),
and 1988 to 2007 (m). (d) Long-term changes in the correlations (in black) based on a time window of 15 yr and
mean annual sea surface temperature (SST) (in grey) for
the corresponding period. CFIN: mean annual abundance
of C. finmarchicus in the North Sea
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Results from sliding correlation analyses (time window of 10 yr) indicate that correlations between the
winter NAO index and the mean annual abundance
of Calanus finmarchicus in the North Sea were negative from 1958 to 1987 and became positive from
1988 onwards (Fig. 1a). After correcting for autocorrelation, the probability was significant at the threshold of 0.1 until 1986, although the probability was not
significant in the periods 1960 to 1963 and 1978 to
1979 (starting year of the sliding correlation analysis). This analysis based on a short time window (10
yr) indicates more accurately the timing of the shift
than longer time windows but can be more influenced by short-scale events. Based on a time window
of 15 yr, the relationships were significantly negative
from 1960 to 1981 but appear less significant at the
beginning of the time series (Fig. 1b). From 1982, the
correlation became non-significant and slightly positive. The scatterplots showed a strong negative correlation between the NAO and C. finmarchicus during the period 1963 to 1987 (r = –0.62; p < 0.1; n = 25)
and an absence of correlation for the periods 1958 to
1962 (r = 0.09; p > 0.1; n = 5) and 1988 to 2007 (r =
0.15; p > 0.1; n = 20; Fig. 1c). These analyses show
that the correlations did not break down in 1996 as
originally suggested (Planque & Reid 1998) but
rather after the North Sea ecosystem shift.
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I found a significant relationship between NAO–
Calanus finmarchicus correlations and mean annual
SST in the North Sea based on both time windows
(10 yr: r = 0.68; p = 0.09; n = 41; 15 yr: r = 0.92; p =
0.02; n = 36; Fig. 1d).
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Fig. 2. Calanus finmarchicus and C. helgolandicus. Longterm changes in the proportion of the species as percentage
(a), in relation to mean annual sea surface temperature
(SST) (b), NHT anomalies (c), the winter NAO index (d), and
the AMO index (e). The 2 vertical dashed lines indicate the
years 1988 and 1998. CFIN: percentage of C. finmarchicus;
CHEL: percentage of C. helgolandicus. Positive and negative anomalies are indicated by ‘+’ and ‘−’, respectively.
Average values: ‘0’
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(3) What large-scale climatic phenomenon is at the
origin of the alteration in the thermal regime of the
North Sea?
I further examined long-term changes in the percentage of Calanus finmarchicus (subarctic species)
and C. helgolandicus (warm-temperate, pseudooceanic species) in relation to changes in mean
annual SST and large-scale, hydro-climatological
indices (Fig. 2). At the beginning of the time period,
C. finmarchicus represented about 80% of Calanus
in the North Sea but only represented about 20% of
the Calanus in 2007 (Fig. 2a). Interestingly, the correlations between the NAO and C. finmarchicus started
to decrease when mean annual SST increased in the
North Sea (see Figs. 1 & 2a,b). The regional warming
was correlated positively to NHT anomalies (r = 0.69;
p = 0.01; n = 48; Fig. 2c). The decrease in the NAO-C.
finmarchicus correlation was not apparent because
the warming coincided with the sustained positive
phase of the NAO during the 1980s (Fig. 2d). The
decrease in the NAO-C. finmarchicus correlation
became apparent from 1996 when the NAO entered
a sustained phase of average NAO values (i.e. NAO
values ~0), whereas temperature anomalies became
highly positive in the North Sea, coinciding with the
positive phase of the AMO after the end of the 1990s
(Fig. 2e). For the time period 1960 to 2007, the correlation between the NAO and C. finmarchicus was
lower (although remaining globally significant; r =
–0.41; p = 0.1; n = 48) than the correlation between
mean annual SST and the copepod (r = –0.65; p =
0.02; n = 48). It is clear from these results that neither
the NAO or the AMO can explain the collapse of
C. finmarchicus in the North Sea (Fig. 2d,e).

DISCUSSION
This paper had 3 scientific objectives. The first
objective was to revisit the timing of the end of the
correlation between Calanus finmarchicus and the
NAO in the North Sea proposed by Planque & Reid
(1998). The analyses provide evidence that the relationship between the state of the NAO and the abundance of C. finmarchicus in the North Sea did not
break down in 1996 as originally stated but in the
1980s (Fig. 1a,c). It is not reasonable to be more accurate on the timing because in sliding correlation
analysis the identification of the years when a correlation breaks down often varies as a function of the
time window (Fig. 1a,b). However, the results suggest that the relationship decreases between the
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beginning and the end of the 1980s. Planque & Reid
(1998) proposed that the relationship broke down in
1996, a year characterised by a pronounced negative
NAO index. Subsequently, some studies have assumed that the timing was 1996 (e.g. Reid & Beaugrand 2002, Kimmel & Hameed 2008), and the temporal evenness of the relationship has never been
tested. Note however that the timing of change in the
correlation strength justifies why Kimmel & Hameed
(2008) distinguished a period 1980 to 2002 in their
analysis. Using both observed and modelled data
from these authors (data from their Fig. 3), I found a
change in the strength of the correlations between
observed and modelled abundance of C. finmarchicus that corresponded to the shift in the correlations
detected in Fig. 1, i.e. between 1982 (time window of
15 yr) and 1987 (time window of 10 yr; figures not
shown). The more accurate identification of the
period from when the relationship breaks down
(1982 to 1987, Fig. 1) is important because it provides
an essential indication on the underlying mechanisms. This new period corresponds to the time of the
abrupt ecosystem shift in the North Sea (Reid et al.
2001, Beaugrand 2004, Beaugrand et al. 2008).
The second scientific objective was to examine
whether or not the relationship was modulated by the
thermal regime in the North Sea. Although this was
hypothesised by Kimmel & Hameed (2008), this was
not demonstrated. In the present study, I found a
strong positive covariation between the NAO-Calanus
finmarchicus correlation and the mean annual SST in
the North Sea (Fig. 1d).
The third scientific objective of this paper was to
investigate which large-scale hydro-climatological
phenomenon might have forced the long-term relationship between the NAO and Calanus finmarchicus. The analyses revealed that large-scale temperature anomalies were highly and positively associated
with the North Sea thermal regime (Fig. 2), the
change in the strength of the correlation between C.
finmarchicus and the NAO (Figs. 1 and 2), as well as
the proportion of C. finmarchicus on total Calanus in
the North Sea (Fig. 2a). Both the AMO and the NAO
did not play a constant role during the period 1958
to 2007.
In the light of these results, I propound here a theory that explains the collapse of the NAO–Calanus
finmarchicus relationship (Fig. 3). This theory is
mainly based on the concept of the ecological niche
(Hutchinson 1957). Using only temperature as a
dimension of the niche, this can be called a bioclimatic envelope or climatic or more accurately, a thermal niche (left part of Fig. 3). I postulate that (1) the
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thermal niche, genetically based, is stable at a decadal scale, invoking the niche conservatism hypothesis (Crisp et al. 2009); (2) the bioclimatic envelope
determines the distributional range of a species (central part of Fig. 3); (3) the NAO influences C. finmarchicus by its exclusive (positive in the North Sea)
influence on SST, see however the discussion in
Dickson & Turrell (2000), Reid et al. (2003b). By calculating the primary differences between each probability of occurrence (or theoretical abundance) as a
function of temperature, I can provide an assessment
of the sensitivity of the species to the year-to-year
variability in temperature (right part of Fig. 3).
Higher sensitivity is expected at the section of the
bioclimatic envelope THV corresponding to Vmax in
zones C+ and C–. These zones define the region of
the distributional range where the species is the most
influenced by climate. Note that maximal sensitivity
(and therefore maximal year-to-year variability) is
not located at the edge of the species’ distributional
range but in regions of the bioclimatic envelope
where the greatest local slopes occur. When the
probability of occurrence becomes lower, the noise
associated to the biological time series (e.g. noise
related to sampling) is likely to prevent the detection
of the climatic signal (zones C0+ and C0–). Detection
is function of the value of the detection threshold and
therefore to the noise associated to the time series
(Fig. 3), which determines TD and TS. The species is
abundant or has a high probability of occurrence in
a given area when temperatures are optimal. The
abundance of a species is likely to be stable and less
sensitive to sea temperature changes towards the
optimal section of the niche (zone C0), the width of
this region depending on TS.
Prior to the shift, the thermal regime of the North
Sea was 1°C (annual average) lower, being in the
part of the bioclimatic envelope characterised by a
higher sensitivity (and year-to-year variability in
SST; zone C–; Fig. 3). Therefore, the positive influence of the NAO on SST was susceptible to trigger
large changes in the probability of occurrence (or
abundance) of Calanus finmarchicus (see the grey
double arrow and associated dashed grey lines in the
left part of Fig. 3). However, the thermal regime of
the North Sea changed, which triggered an abrupt
ecosystem shift in the 1980s. Beaugrand et al. (2008)
showed that the North Sea abrupt ecosystem shift
was related to the northward migration of a Critical
Thermal Boundary (CTB) in the North Sea, as indicated by the annual isotherm 9 to 10°C (see their
Fig. S4; see also the theoretical position of CTB in
Fig. 3, herein). This boundary, which reflects the

limit between the Atlantic polar and the temperate
biomes, was located in the North Sea prior to the shift
and then moved and became positioned north of the
North Sea after the shift. When the boundary was
present in the North Sea, the NAO used to influence
its position and therefore the abundance of C. finmarchicus. When the boundary was southwards, the
abundance of C. finmarchicus was probably higher
and inversely.
Since CTB disappeared from the North Sea, the
NAO had no longer an effect on its position and
therefore on Calanus finmarchicus. The post-shift
thermal regime in the North Sea corresponds to the
section of the niche (zone C0–) when NAO-mediated
changes in SST are no longer sufficient to generate
large changes in the probability of occurrence (or
abundance) of C. finmarchicus (see Point 2 in the left
part of Fig. 3). Helaouët et al. (2011) have recently
shown, at a monthly scale, that the thermal regime in
the North Sea was increasingly outside the bioclimatic envelope of C. finmarchicus. Once the thermal
regime is below zone C–, the NAO, which remained
moderate especially since the beginning of the 1990s
(see Fig. 2d), has not been sufficient to exert a strong
influence on annual SST and in turn on the abundance of C. finmarchicus. It should be noted that only
an extreme negative NAO such as December 2009 to
February 2010 might influence the abundance of C.
finmarchicus (influence towards zone C–) because,
at present, the thermal regime is too warm. An
extreme positive influence, which could precipitate
the disappearance of C. finmarchicus from the North
Sea, would not strongly influence the abundance of
the species (see the left part of Fig. 3 corresponding
to zone C0–).
Myers (1998) showed that the amount of published
correlations that have been confirmed when revisited was low. However, correlations between the
environment and fish recruitment was often significant at the margin of the distributional range of species. According to the theory I propose, the highest
temperature-induced changes in the abundance of a
species should be located in places where the thermal regime corresponds to the zone of greatest local
slopes of the species’ bioclimatic envelope (Vmax and
THV). Myers (1998) also noticed the absence of significant correlation at the centre of the distributional
range, which he attributed to the strong effect of density-dependence. According to the theory, this might
also be related to the fact that the centre of the distributional range of a species corresponds to the optimal section of the niche, which is less sensitive to
changes in temperatures (zone C0). At the time of the
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Fig. 3. Idealised conceptual scheme showing the relationships between the distributional range of a species, its bioclimatic envelope and its expected year-to-year variability. The grey surface at the centre of the figure denotes the species distributional
range, the greyshade being proportional to the probability of occurrence of the species. The diagrams on the left and right
sides of the figure represent the species bioclimatic envelope and the expected year-to-year variability, respectively. The yearto-year variability was assessed from the bioclimatic envelope by calculating the primary difference of each theoretical probability of occurrence as a function of temperature. The bimodal distribution exhibits a maximal variability Vmax corresponding
to greatest slopes (THV; HV for High Variability) of the bioclimatic envelope. The centre of the species distributional range corresponds to the optimal part (Topt) of the bioclimatic envelope. This stable part, delimited by Ts (s for stable), is thereby characterised by low year-to-year variability. The detection threshold corresponds to the theoretical value from which the signal becomes detectable, i.e. stronger than the noise (e.g. associated to sampling) associated to the biological time series. Areas in
dark grey on the right of the figure indicate geographical regions and the section of the bioclimatic envelope (TD; D for Detection) where the year-to-year variance of the signal is inferior to VD (D for detection) and where it is therefore likely to remain
undetected. Areas in light grey indicate regions where the variance of the signal is superior to the variance of the noise associated to the biological time series. TL are the temperatures below and above which temperatures become lethal. The white star
indicates the mean thermal regime of the North Sea prior to the shift in the relationship NAO–Calanus finmarchicus and the
black star indicates the mean thermal regime of the North Sea after the relationship NAO–C. finmarchicus ceased. Prior to the
shift, the effect of the NAO on C. finmarchicus was highly detectable because the North Sea thermal regime was in the section
of the bioclimatic envelope where the year-to-year variability was high (regions highlighted in light grey). After the shift, the
North Sea thermal regime was about 1°C higher (annual average) and the amount of year-to-year variability was too low to be
detected. Note however that at the edge of the spatial distribution no relationship between temperature and C. finmarchicus
can be expected, even if the variance associated to the noise of the biological time series become negligible. C0–: zone of weak
(undetectable) negative influence of a climatic index (e.g. NAO) on C. finmarchicus; C–: zone of detectable negative influence; C0: zone of no influence; C+: zone of detectable positive influence; C0+: zone of weak (undetectable) positive influence.
This scheme is highly dependent on the shape of the bioclimatic envelope and its breadth or degree of eurythermy of species.
In this model, the NAO is assumed to affect the species through its positive influence on sea surface temperature (SST) as this
is the case in the North Sea. Note however that the NAO can have a negative influence on SST (e.g. the Subarctic Gyre). This
model can be applied more directly using annual SST. The double vertical grey arrow (left and right part of the figure) indicates the theoretical (high) influence of the NAO on C. finmarchicus prior to the increase of the thermal regime in the North
Sea (white star). The double vertical black arrow (left and right part of the Fig.) indicates the theoretical (small and undetectable) influence of the NAO on C. finmarchicus after the increase of the thermal regime in the North Sea (black star).
CTB: Critical Thermal Boundary in the North Sea, which is the isotherms 9 to 10°C (Beaugrand et al. 2008)
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study by Meyers (1998), it was not known that global
climate change might become a force capable of
shifting the distributional range of species (Cheung
et al. 2008, Lenoir et al. 2011). The theory suggests
that our capability to predict species’ responses to climate change in a given area is high in the part of the
geographical range that has a thermal regime corresponding to zones C+ or C– (Fig. 3). In regions corresponding to zones C0+ and C0–, it might be impractical to develop models for ecosystem management
that integrate indicators of climate change (especially temperature), because the signal is likely to be
too small in comparison to the noise of the biological
time series to provide any reliable information on the
state of the biological system. At the centre of the
species’ distributional range corresponding to zone
C0, no response of the species to climate change is
likely to be observed. Only a joint concerted approach
combining sites that encompass the full distributional
range of a species is likely to provide the best predictive capability.
The use of past empirical relationships between
biological or ecosystem responses and large-scale
sources of hydro-climatological variability are problematic because they do not consider potential tradeoffs or thresholds associated to the non-linearity of
biological systems. As the present theory suggests,
part of this non-linearity can be explained by the
non-linear thermal preferendum of species.
Incorporating an unanticipated outcome, also
called a ‘surprise’ in climatic research (Intergovernmental Panel on Climate Change 2007), and uncertainty undoubtedly represents the most difficult challenge that scientists and ecosystem managers will
have to face in a warmer world. This paper shows
that global warming can cancel well-documented
empirical relationships between large-scale climatic
variability (here the NAO) and key biological components of the ecosystem (here, the mean annual abundance of Calanus finmarchicus). As with climate, biological systems are complex. Species react differently
to temperature change as a function of the position of
their thermal niche (Beaugrand & Kirby 2010) and
temperature might also change both the strength and
sign of species relationships (Kirby & Beaugrand 2009).
These findings have implications for some empirical relationships such as the NAO and the Atlantic
cod (Brander 2005), the Pacific Decadal Oscillation
(PDO) and the ecosystem state of the North Pacific
(Hare & Mantua 2000), the Atlantic Subarctic index
and the ecosystem state in the North-east Atlantic
(Hatun et al. 2009), and the North Pacific Gyre Oscillation (NPGO) and the ecosystem state in San Fran-

cisco Bay (Cloern et al. 2010). Will all these interesting and currently robust empirical relationships hold
in a warmer world? It is possible that other wellknown empirical relationships between large-scale
sources of natural variability and species, biocoenoses or ecosystems might cease in the future if
climate continues to warm. In this period of rapid climate change, it is therefore hazardous to integrate
meteo-oceanic indices such as the NAO in models
used in the management of living resources as it has
been attempted in the past.
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