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1 | INTRODUCTION

Studies on population dynamics focus primarily in understanding
why animal populations fluctuate in time and space (Berryman, 1999;
Royama, 1992). A paradigmatic case involves the population dy-

namics of two copepod species, Calanus finmarchicus and Calanus

| Mauricio Lima' | Sergio A. Estay’? | Enrico L. Rezende!

Abstract

The swap in abundance between two Calanus species in the North Sea during the
1980s constitutes a quintessential example of regime shift, with important ecosys-
temic and economic repercussions because these copepods constitute a major com-
ponent of the diet of larval and juvenile cods. It is hypothesized that this transition
was driven by gradual changes in primary productivity, the North Atlantic Oscillation
(NAO) and sea surface temperatures (SST), and yet how these factors contribute to
the population dynamics of these two species and the overall regime shift remains
unclear. Here, we combine a highly resolved and spatially structured longitudinal
dataset with population dynamics theory-based models to obtain a thorough and
more detailed description of populations’ responses to the regime shift observed
in the North Sea. Our analyses highlight that this transition exhibits a clear spatial
structure and involved a decoupling between the dynamics of Calanus finmarchicus
and the NAO in western regions and between Calanus helgolandicus and SST in the
eastern regions of the North Sea. Consequently, the observed switch in abundance
between these species reflects the interaction between species-specific attributes,
a well-defined spatial structure with a marked east-west axis and a decoupling be-
tween the ecological drivers and Calanus population dynamics following the shift.
Succinctly, we suspect that higher water temperatures have favored C. helgolandicus
and resulted in restrictive conditions for C. finmarchicus, eventually overshadowing
the effects of NAO detected in historical records. Overall, our study illustrates how
population dynamics theory can be successfully employed to disentangle the com-
plex and multifactorial nature of a regime shift in response to gradually changing

environmental conditions.

KEYWORDS

copepods, interspecific interaction, North Atlantic Oscillation, population dynamics, regime
shift

helgolandicus, across the North Atlantic Ocean and the North Sea,
which has been the focus of substantial research (Fromentin &
Planque, 1996; Melle et al., 2014; Planque & Taylor, 1998). This sys-
tem is compelling because Calanus larvae are at the bottom of the
food chain and constitute a main food source for many fish species,

including commercially important ones such as the cod, which has
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seen a collapse of the stocks in the 1980s (Hutchings & Myers, 1994).
Consequently, their population dynamics may have important eco-
systemic and economic consequences, which is concerning because
Calanus species exhibited a pronounced regime shift during the
1980s that has been attributed to changing environmental condi-
tions (Beaugrand et al., 2009, 2014; Reid et al., 2016). Specifically,
in the North Sea, populations of the predominant species C. finmar-
chicus have declined since 1970, concomitantly with an apparent in-
crease in abundance of C. helgolandicus (Fromentin & Planque, 1996;
Planque & Taylor, 1998).

While the observed responses of C. finmarchicus have been
originally linked to the North Atlantic Oscillation (NAO; Fromentin
& Planque, 1996), whose influence seems to have been overshad-
owed in the late 1980s by increasing sea surface temperatures
(SST; Beaugrand, 2012; Beaugrand et al., 2014; Melle et al., 2014;
Papworth et al., 2016), the ecological mechanisms underlying the
yearly and long-term population dynamics of these species remain
contentious and poorly understood (Ottersen et al., 2001). One hy-
pothesis is that recruitment, growth and reproduction of C. finmar-
chicus are negatively affected by warm surface waters (Fromentin
& Planque, 1996; Hirche, 1996; Melle et al., 2014), decreasing with
warm currents from the North Atlantic toward the inner North
Sea during a positive NAO and increasing as cold waters flow from
the Norwegian Sea to the North Sea during a negative NAO (Reid
et al., 2001). Alternatively, Fromentin and Planque (1996) have
proposed that changes in abundance of C. finmarchicus and C. hel-
golandicus could be related to primary productivity and interspe-
cific competition. Thus, apart from the putative impact of varying
water temperatures, different mechanisms have been proposed to
explain the association between NAO and Calanus dynamics (see
Fromentin & Planque, 1996 and references therein): (a) changes in
food availability; (b) changes in the interspecific interaction dynam-
ics between C. finmarchicus and C. helgolandicus; (c) variation in the
influx of individuals from the Faeroe-Shetland Channel to the North
Sea; and (d) the reduction of deep waters of the Norwegian Sea.
Multiple approaches have been employed to put these hypotheses
to a test, including simple correlations, genetic algorithms (Papworth
et al., 2016), spatially implicit analyses and explicit niche modeling
approaches (Wilson et al., 2016). Nonetheless, results remain to a
large degree inconclusive.

Importantly, none of the approaches applied population dynam-
ics theory and the mechanistic models developed by Royama (1977,
1992), Berryman (1999) and Turchin (2003), which provide a robust
framework to determine which population parameters have changed
during the ecological shift, how and why. Here we attempt to bridge
this gap in knowledge and address which processes might explain
the population dynamics and ecological shift of these two Calanus
species in both time and space. Specifically, we combined a highly
resolved and spatially structured longitudinal dataset with popula-
tion dynamics theory-based models to discriminate between the pu-
tative role of abiotic factors, geography, food availability and species
interactions (Fromentin & Planque, 1996). Moreover, we employed a

model comparison approach that allowed us to estimate the relative

weigh of the evidence favoring these alternative scenarios, opening
the venue to obtain a more complete overview of the dynamics of

these Calanus species across the North Sea.

2 | MATERIALS AND METHODS
2.1 | Longitudinal data and predictor variables

Copepod population abundance and phytoplankton color index (PCI)
data have been collected by the continuous plankton recorder sur-
vey (CPR; Richardson et al., 2006) continuously since 1958. The PCI
is a visual assessment of the green color of CPR samples, which con-
stitutes an estimate of phytoplankton biomass (Batten et al., 2003;
Raitsos et al., 2013). Importantly, PCI only represents the fraction
of large autotrophs cells (>271 um), so its interpretation must be
taken with caution. Since both Calanus rely primarily on phytoplank-
ton as a food source, we used the PCl to evaluate the influence of
variation in food availability on the population dynamics of the two
copepod species. It is also important to mention that the CPR data
only identify to species-level stages CV-VI for C. finmarchicus and
C. helgolandicus.

The data for years 1958-2017, which is spatially structured
based on the CPR standard areas (https://www.cprsurvey.org/data/
map-data/) as shown in Figure 1a, were obtained from the Sir Alister
Hardy Foundation for Ocean Science (SAHFOS) with a monthly
resolution. All monthly time series for each region were yearly av-
eraged, to observe the interannual population fluctuations of the
two copepods (Figure 1b-g), which allows us to infer how positive
and negative feedbacks operate from a mechanistic perspective.
Specifically, we can estimate in a population dynamics model how
parameters describing carrying capacity, intraspecific and interspe-
cific competition and the rate of change are affected by environmen-
tal fluctuations. This approach has been widely applied to a variety of
populations and discussed at length by Berryman (1999) and Royama
(1977, 1981). The resulting dataset encompassed a 59-year time se-
ries of yearly averaged abundances for each North Sea CPR standard
sampling areas (B1, B2, C1, C2, D1, D2) for C. finmarchicus and C. hel-
golandicus, as well as PCI (Figures 1a and 2a). Consequently, a total of
12 time series corresponding to each standard area were analyzed to
evaluate the effect of the climate and productivity on the population
fluctuations of the two Calanus copepods (Tables S1 and S2).

To estimate the effect of the biological and environmental ex-
ogenous factors in our longitudinal dataset, we included PCI, NAO
and SST as independent variables in our analyses. The NAO con-
sists of a north-south climatic alteration caused by changes in the
atmospheric mass pressures of Azores high and Iceland low-pressure
centers (Greatbatch, 2000; Hurrell, 1995). It is considered one of
the most influential climatic indices in the North Atlantic Ocean
(Barnston & Livezey, 1987), being more pronounced in winter and
explaining a third of the variation of sea level pressure (SLP) in this
region (Cayan, 1992; Hurrell, 1995). The NAO index employed here

was calculated based on the difference in normalized SLP between
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Azores, Portugal, and Stykkisholmur, Iceland, for the winter pe-
riod between December and March (Hurrell, 1995; Figure 2b). For
SST (expressed in °C), which is known to influence both the abun-
dance and spatial distribution of marine ectotherms in general
(Beaugrand, 2015; Mauchline, 1998; Schmidt-Nielsen, 1990), and
apparently of C. finmarchicus and C. helgolandicus in particular
(Beaugrand, 2015), we obtained the time series data from the British
Atmospheric Data Center (HadISST 1.1 dataset) with yearly aver-
ages for each standard area (Figures 1a and 2b; https://climatedat

aguide.ucar.edu).

2.2 | Statistical analyses

The North Sea exhibited dramatic biophysical changes at the end
of the 1980s, which have been well documented (Beaugrand, 2015;
Reid et al., 2001, 2016). Because environmental forcing can cause
sudden discontinuities or shifts in the parameter values of the
population, as well as a spatial-temporal shift in the limiting factors
(Berryman, 1999), we explicitly included a shift in limiting factors
as a hypothesis in our analysis. To do so, we split the time series in

two periods for each area: one from 1958 to 1986 and the other one

from 1987 to 2017 to evaluate the effect of the environmental and
biological fluctuation before and after the North Sea regime shift.
As a result, we obtained a total of 24 separate time series (i.e., 6
areas x 2 periods x 2 species). Subsequently, we fitted increasingly
complex population dynamics models, incorporating the contribu-
tion of exogenous variables (PCI, NAO and SST) and interspecific
competition, and assessed their relative fit to these separate time
series employing a model comparison approach. Finally, we validated
the candidate models with the best fit by comparing the predicted
population dynamics against the empirical data. It is important to
clarify that our goal is not to find the specific mechanism behind the
regime shift, which is likely multifactorial, but to investigate how this
shift altered the relationship between copepod population dynamics
and environmental variables both in space and time. The candidate

models and validation procedures are described in detail below.

2.3 | Model fitting

We employed the R-function to quantify the feedback struc-
ture, which stands for the type and sign of the feedback
(Berryman, 1999), of each copepod population. This function
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represents the population per capita rate of change and shows the
process of individual survival and reproduction (Berryman, 1999),

and is expressed as:

Rt=log<NLt1>, (1)
t—

where R, is the realized per capita rate of change and N represents
the population density at time t and t - 1, expressed in years. We
then performed a partial rate correlation function (PRCF; Berryman
& Turchin, 2001) to identify the order of the feedback structure in
all the time series. Subsequently, we used a simple model of intra-
specific competition to understand how intra-population processes
might affect the dynamics of both copepod species. This model
corresponds to the exponential form of the discrete logistic model
(Ricker, 1954), using its general version (Royama, 1992) defining the
logarithmic density as:

Ri=R,—e(@1+0), (2)

where R is the maximum rate of change in R, a quantifies the effects
of interference on individuals as density increases (Royama, 1992),
with a > 1 indicating that interference intensifies with density and
a < 1 indicating habituation to interference, and C represents the im-
pact of resource depletion, and X, = Iog(NH). For clarity, we will refer
to this model in the results and discussion sections as “Ricker,” when no
environmental factors are included.

Using this logistic model, we fitted the R-function for each co-
pepod species, area, and the period before (1958-1986) and after
(1987-2017) the regime shift. With this approach, we can visualize
potential “lateral,” “vertical,” and “nonlinear” effects of exogenous
variables in the R-function (Royama, 1992). A lateral effect acts on
the population carrying capacity through a direct or indirect effect
in the resource availability, displacing the equilibrium density of the
population toward the left or right, that is, a lower or higher carrying
capacity, respectively (x-axis, Figure 3a-f; Figure 3a1-f1). In contrast,
a vertical perturbation affects the rate of change of the population
independently of its density, either increasing or reducing it (y-axis,
Figure 3a-f; Figure 3a1-f1). Finally, a nonlinear effect reflects a com-
bined lateral and vertical displacement of the R-function, or a change
in its overall shape. These displacements could be caused by envi-
ronmental changes and/or changes in the community structure of
the North Sea, and their potential effects can be assessed with the
inclusion of climatic or exogenous perturbations in the parameters
R.., C and a (Equation 2) using the framework of Royama (1992; see
Data S1 equations S1-5S9).

Because both copepods have similar development times (Hansen
etal., 2003), and C. finmarchicus exhibits annual or multiannual cycles
(Bagoeien et al., 2012; Broms et al., 2009; Melle & Skjoldal, 1989),
we assessed the effect of the environmental conditions over the rate
of change without lags in our models (Alvarez-Fernandez et al., 2012
employ a 3-month lag in their analyses, which is not possible with
our dataset with an yearly resolution). With this framework, we fit-
ted a total of 10 univariate “environmental” models (Ricker + 3 envi-
ronmental factors x 3 possible responses) per area for each copepod
species (see Data S1). Apart from the effects of exogenous perturba-

tions, the regime shift may also alter the magnitude of interspecific
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competition (if present), which can be modeled with the logistic
model as:

R,=R, - e(aXt,ﬁazXz(,ﬁCi)‘ (3)
which corresponds to Equation (2) with the inclusion of a second
species with density X,, , and competitive intensity mediated by pa-
rameter a,. Thus, this model represents the basic feedback structure
determined by both intra- and interspecific competition. Subsequently,
we fit the same 10 models now including this competition effect, ul-
timately resulting in a total of 20 models that potentially assess, as a

whole, the impact of environmental factors and interspecific competi-

tion in the dynamics of these two Calanus species.

-2

log(N_+)

FIGURE 3 Adjusted population dynamics logistic model (Equation 2) for the R-function, for each copepod species, different geographic
areas (B1-D2), and periods. (a-f) Calanus finmarchicus, (a1-f1) Calanus helgolandicus. N,_,: Population density at time lag t - 1

We fit the times series before and after the shift with nonlin-
ear regressions using the nls (nonlinear least squares) library in the
R programing language (R Development Core Team, 2019), employ-
ing the global dataset (global model) for each Calanus species and
separately for each area. These analyses are complementary since
they address if the same environmental factors account for the tem-
poral dynamics and spatial variation at different scales (i.e., within
each area vs. across the entire North Sea). Models were ranked ac-
cording to the second-order Akaike information criterion (AIC_, see
Burnham & Anderson, 1998 for details), and we calculated the Akaike
weights (w;) to infer the relative likelihood of each model (Burnham
& Anderson, 1998). Finally, using a multimodel inference approach
(Burnham & Anderson, 1998; Symonds & Moussalli, 2011), we
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estimated the relative importance of each predictor across all can-
didate models and identified the variable(s) that might be driving the
system's dynamics for each area and period by pooling models with
the same environmental predictor (NAO, SST or PCI) and adding their
w;. This quantifies the probability that this predictor is part of the best
model irrespective of the nature of the response (i.e., vertical, lateral
or nonlinear). We fixed parameter R, to the maximum observed R,
in the time series of each species, to avoid convergence problems
when fitting the models. It is important to notice that in the case of
nonlinear models the R? calculated for each model cannot be used
to determine goodness of fit or model performance (Kvalseth, 1983),

and consequently we focused primarily in the AIC_and w; results.

2.4 | Validation

We tested how well the model with the best fit actually per-
formed by contrasting its predicted values against the observed
Calanus abundance for all areas and both periods (1958-1986 and
1987-2017), employing the one step-ahead forecasting equation
(Berryman, 1999):

E [N, =N,_;eF, )

where E [N,] represents the expected abundance of the population at
time t, N,_, the previous abundance and R the per capita rate of change
predicted using the models with the lowest AIC_ for each area and pe-
riod (see Data S1). Observed and predicted dynamics were compared
using the root mean squared deviation (RMSD) of the difference be-

tween observed and predicted values as:

1 n
RMSD:\/m (P07 (5)

where O, is the observed and P, is predicted abundance. The RMSD
shows the deviation of the predicted respect to the observed values,
expressed in the same unit as the variable under test (Gauch et al.,
2003; Kobayashi & Salam, 2000). In addition, we performed a Pearson's

correlation between the observed and predicted abundances.

3 | RESULTS

First-order negative feedback was a key component of the per capita
rate of change in these copepod species for all areas and periods,
evidenced by the strong lag t - 1 of the PRCF performed to all time
series (Table S3). This result suggests that the use of the discrete
exponential Ricker model at time lagt - 1 is adequate in all cases, and
that the population fluctuation of both species is largely driven by its
internal feedback dynamics. Moreover, the logistic model fitted to
time series of both copepod species in different areas and periods
(Equation 2) clearly identifies changes due to the regime shift and

suggests, nuances aside, a lateral displacement of the R-function for

both species in most areas of the North Sea, with a left shift for
C. finmarchicus and a right shift for C. helgolandicus (Figure 3). This
implies, respectively, a reduction and an increase in the environmen-
tal carrying capacity for each species. These responses are more
pronounced toward the Northwest, where changes in abundances
are clearly stronger (Figures 1 and 3).

The global models pooling abundance data of all areas reveal a
clear change in the factors affecting the dynamics of C. finmarchicus
in the North Sea after the regime shift (Table 1). This result is shown
by the cumulative w; for each environmental predictor, where the
NAO has a 97.6% of probability to be included in the best model
before the regime shift and seems to no longer have an impact on its
dynamics after the shift (Table 1; Table S7 for detailed model param-
eters and statistics). In contrast, SST seems to govern the dynamics
of C. helgolandicus both before and after the regime shift (Table 1).
Taken together, analyses with the global dataset show that the dy-
namics of both Calanus species are associated with different envi-
ronmental factors and, interestingly, that the regime shift involved
a qualitative change in the association between environmental vari-
ation and population dynamics for C. finmarchicus but not necessar-
ily for C. helgolandicus (Table 1). More specifically, it seems that the
drop in abundance of C. finmarchicus after 1986 was accompanied
by a decoupling of its population dynamics from the NAO, whereas
the spatial and temporal variation in abundance in C. helgolandicus
apparently reflects thermal constraints across the whole region.

Interestingly, our models fitted separately for each area partly
support the general patterns observed in the global analyses but
also highlight some important differences primarily after the regime
shift (Table 2). For C. finmarchicus, PCl and SST were included in the
models with the best fit according to the global analyses (cumulative
w, =56.2% and 39.9%, respectively; Table 1), whereas at the local scale
Ricker or NAO were the best models in five out of six areas (Figure 4).
These results suggest, therefore, that variation in PCl and NAO ac-

count predominantly for differences in abundance of C. finmarchicus

TABLE 1 Cumulative Akaike information criterion weights for
Calanus finmarchicus and Calanus helgolandicus global models. The
models with the highest support, according to Akaike weights, are
highlighted in bold

Cumulative Akaike weights

Species Model 1958-1986 1987-2017

C. finmarchicus Ricker 0% 4.7%
Ricker + PCI 1.4% 56.2%
Ricker + SST 0% 39.9%
Ricker + NAO 98.5% 2.2%

C. helgolandicus Ricker 0% 0%
Ricker + PCI 0% 0%
Ricker + SST 100% 100%
Ricker + NAO 0% 0%

Abbreviations: NAO, North Atlantic Oscillation; PCI, phytoplankton
color index; SST, sea surface temperature;
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TABLE 2 Cumulative Akaike information criterion weights for the models of each area, period and species. Models supporting an
association between environmental variables and population dynamics are shown in bold, otherwise the local scale Ricker function provides

the best fit
Cumulative Akaike weights (w;)
Species Variable 1958-1986 1987-2017
Calanus finmarchicus B2 B1 B2 B1
PCI 30.0% 71.5% 65.7% 11.9%
NAO 51.1% 17.7% 10.4% 55.4%
SST 9.1% 5.0% 12.0% 19.4%
Cc2 c1 C2 Cc1
PCI 16.8% 71.3% 22.2% 21.1%
NAO 56.9% 14.0% 22.8% 24.7%
SST 19.5% 6.7% 30.7% 30.7%
D2 D1 D2 D1
PCI 77.4% 1.6% 18.1% 4.8%
NAO 9.1% 94.1% 16.0% 85.4%
SST 8.4% 2.5% 46.6% 6.7%
Calanus helgolandicus B2 B1 B2 B1
PCI 9.2% 19.7% 45.9% 16.4%
NAO 10.4% 25.8% 1.2% 41.0%
SST 71.3% 38.5% 51.5% 24.6%
C2 C1 Cc2 c1
PCI 3.8% 19.7% 38.7% 58.2%
NAO 3.3% 25.8% 8.3% 30.6%
SST 89.3% 94.6% 47.1% 5.9%
D2 D1 D2 D1
PCI 5.4% 9.9% 2.0% 64.2%
NAO 30.6% 9.2% 4.2% 9.9%
SST 59.3% 69.3% 91.5% 14.1%

Abbreviations: NAO, North Atlantic Oscillation; PCI, phytoplankton color index; SST, sea surface temperature.

across areas, and that the decoupling of NAO and the population dy-
namics occurred primarily in the areas B2-D2 (Figure 4a-f). In contrast,
for C. helgolandicus global analyses support a predominant role of SST
after the regime shift that reflects, according to analyses on a regional
basis, strong effects in the same areas (Figure 4a1-f1). These results
indicate that the regime shift observed around 1987 exhibits a clear
spatial structure and involved a decoupling between the dynamics of
C. finmarchicus and the NAO in western areas and PCl in the east (B1-
D1) and between C. helgolandicus and SST in the eastern areas (B1-D1)
of the North Sea (Figure 4).

Interspecific interaction models provide partial support for
interaction in some of the areas (see Data S1). According to AIC,
inclusion of an interaction component improved the models for C.
finmarchicus in area B2 and C2, respectively, before and after the
regime shift (Tables S5, S8 and S9). For C. helgolandicus, the inter-
specific interaction models exhibited lower AIC_ values in areas B1,
C1 and D2 before the regime shift, and only in area D2 following
the shift. These results reflect the multifactorial nature of responses:

because PCl, NAO and SST effects on the population dynamics

differ between the two Calanus species, the potential contribution
of interspecific interactions is also predicted to vary across periods
and areas. Notably, C. finmarchicus seemed to have an impact on the
dynamics of C. helgolandicus before the regime shift, when it was the

prevalent species in most areas (Figure 1b-g).

3.1 | Model predictions and performance

The one step-ahead predictions using the models with the low-
est AIC_ (Figure 4; Tables S8-S11) for each copepod species were
fairly accurate, and captured the general dynamics of both cope-
pods across the North Sea. Overall, C. helgolandicus models per-
formed better than for C. finmarchicus, capturing some of the peaks
and the overall dynamic for all areas before and after the regime
shift (Figure 4). For C. finmarchicus, the models failed to predict the
most extreme peaks of abundance, whereas for C. helgolandicus the
model adequately predicted some of the peaks after the regime shift
(Figure 4).
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FIGURE 4 Predictions for each standard area before and after the regime shift employing the model with the lowest Akaike information
criterion. Solid lines correspond to the predictions matching the model explanatory variable with the best fit for each area and period
(green = PCl, blue = NAO, red = SST and black = Ricker). (a-f) Calanus finmarchicus, (al-f1) Calanus helgolandicus. The support for these
models, expressed as the cumulative w,, is provided in Table 2. Dotted vertical line marks the regime shift in 1986

4 | DISCUSSION

Here we provide a simple and coherent way to study the popula-
tion dynamics of C. finmarchicus and C. helgolandicus, and reveal a
scenario in which different environmental factors affect these spe-
cies across space and time (Figure 4; Table 2). Results show that the
population equilibrium point varies as a function of the interaction
between population density (Figure 3) and environmental condi-
tions (Figure 4). Our analyses highlight that changes in PCI, NAO
and SST at the end of the 1980s (Figure 2) indeed resulted in a qual-
itative swap in the environmental drivers affecting the population
dynamics and interaction of the Calanus species and a true regime
shift in the North Sea (Beaugrand, 2004, 2015; Reid et al., 2001,
2016). This general picture emerges from the comparison between
results of global models (Table 1), in which variation in population
dynamics includes both a temporal and a spatial component—that
is, population size varies in time but also across areas with dif-
ferent environmental characteristics—versus local models where
fluctuations in abundance are contrasted against environmental
drivers within a limited area, ignoring what occurs in adjacent areas
(Table 2). Particularly, C. finmarchicus responds to the NAO varia-
tions before the regime shift in our global model, and to PCl and/

or SST after the shift (Table 1), evidencing a space-time decoupling

between the dynamics of C. finmarchicus and NAO primarily in the
western regions (Table 2; Figure 4). On the other hand, the global
models for C. helgolandicus suggested no change in the limiting
factors before and after the regime shift (Table 1), but when we
looked at the area models, the limiting factor shifted in areas C1
and D1 to be driven by PCIl. Consequently, the overall dynamics
of Calanus species observed in the North Atlantic can be decom-
posed into three broad interacting components. First, differences
between the two species in the environmental factors modulat-
ing their population dynamics, with fluctuations in C. finmarchicus
being modulated primarily by variation in NAO and PCl and in
C. helgolandicus by SST (Table 1). Second, temporal trends exhib-
iting a well-defined spatial structure, with marked differences
between eastern and western regions (Figure 4a-f). And third, a
general decoupling between the environmental drivers that ac-
counted for the historical dynamics of C. finmarchicus, which sug-
gest a true shifting limiting factor (sensu Berryman, 1999), while
for C. helgolandicus responses seem to reflect a lateral perturbation
effect (Royama, 1992) (Table 2; Figure 4a1-f1).

Our results support previous studies in this system and pro-
vide a more nuanced and detailed understanding of the multi-
factorial nature of the regime shift observed in the North Sea.

The dynamic of C. helgolandicus seemed to be affected mainly
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by changes in SST before and after the regime shift, emphasiz-
ing how warming waters have favored this species following the
regime shift and confirming that C. helgolandicus has a preference
for warmer waters than C. finmarchicus (Bonnet et al., 2005).
Accordingly, Beaugrand (2012, 2015) suggested that higher iso-
therms in the North Sea drove the ecosystem transition that ul-
timately resulted in the decline of C. finmarchicus and increase in
C. helgolandicus populations. Similarly, the temporal decoupling
of NAO and C. finmarchicus dynamics is consistent with analyses
by Kimmel and Hameed (2008), where the correlation between
these variables after the regime shift was weak, with NAO no
longer explaining the variability of the population in the North
Sea. Interestingly, this decoupling occurred primarily in western
regions (Figure 4a,c,e), emphasizing the importance of spatial vari-
ation on population dynamics (Berryman, 1999). As for PCl, it was
negatively correlated with C. finmarchicus in all models, which is
counterintuitive because this species feeds on phytoplankton. We
speculate that this reflects an underlying change in phytoplankton
composition and a reduction in diatoms, which is the main food
source for juvenile life stages (Castellani et al., 2008) because the
annual increase in PCl observed during the studied period is at
odds with the decreasing abundance of dinoflagellates and dia-
toms reported in the North Sea (Leterme et al., 2008).

Our population dynamics models provide further insights into
the determinants of fluctuations in population size of both Calanus
species. The strong first-order negative feedback observed in the
regulation of C. finmarchicus and C. helgolandicus suggests that in-
traspecific competition is a crucial process on the population reg-
ulation of these copepods across all regions, before and after the
regime shift (Table S3). Accordingly, Ohman and Hirche (2001)
demonstrated that the per capita mortality rate is density-depen-
dent for this oceanic plankton. For example, the mortality rate of C.
finmarchicus eggs is a function of the number of adults and younger
females, which are factors that can explain the feedback mecha-
nisms. Also, Kimmel and Hameed (2008) showed the importance
of C. finmarchicus robust year-to-year connectivity, as seen in the
stable first-order negative feedback by the PRCF. Even though there
is evidence of external climatic forces driving the population of the
two copepods, an essential component of the population fluctuation
is only driven by the internal processes as first-order negative feed-
back. With regard to interspecific interactions, our analyses provide
only circumstantial evidence that this process is taking place and
suggest that intraspecific competition and extrinsic environmental
factors such as NAO and SST are more relevant driving the changes
in abundance of both species across the North Sea.

Overall, here we demonstrate the significance of intraspecific
competition in the population dynamics using a simple logistic model
combined with the limiting factor principle described in great detail
by Berryman (1999). Results show that the regime shift observed
around 1987 exhibits a clear spatial structure and involved a de-
coupling between the dynamics of C. finmarchicus and the NAO in
western areas (B2-D2)—that is, a true shifting limiting factor pro-

cess—and a lateral perturbation effect caused by higher SST for

S e

C. helgolandicus in the eastern areas of the North Sea (B1-D1). In
spite of our detailed analysis, it is still a challenge to fully understand
the reasons for the decoupling between these copepods’ dynamics
and some environmental variables across the different regions of
the North Sea, particularly for the NAO effect. And while observed
trends do not imply causation, it seems that higher SST may have
triggered the ecological shift in abundance of Calanus species, re-
stricting the range of favorable environmental conditions for cold-
adapted C. finmarchicus and contributing to the colonization of new
areas by C. helgolandicus. Whether warmer temperatures would drive
further increases in abundance of C. helgolandicus remains an open

question with important ecological and commercial consequences.
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