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The patterns of copepod species richness (S) and their relationship with phytoplankton productivity,
temperature and environmental stability were investigated at climatological, seasonal and year-to-year
time scales as well as scales along latitudinal and oceanic–neritic gradients using monthly time series
of the Continuous Plankton Recorder (CPR) Survey collected in the North East Atlantic between 1958
and 2006. Time series analyses confirmed previously described geographic patterns. Equatorward and
towards neritic environments, the climatological average of S increases and the variance explained by
the seasonal cycle decreases. The bi-modal character of seasonality increases equatorward and the timing
of the seasonal cycle takes place progressive earlier equatorward and towards neritic environments. In
the long-term, the climatological average of S decreased significantly (p < 0.001) between 1958 and
2006 in the Bay of Biscay and North Iberian shelf at a rate of ca. 0.04 year�1, and increased at the same
rate between 1991 and 2006 in the northernmost oceanic location. The climatological averages of
S correlate positively with those of the index of seasonality of phytoplankton productivity (ratio between
the minimum and maximum monthly values of surface chlorophyll) and sea surface temperature, and
negatively with those of the proxy for environmental stability (monthly frequency of occurrence of daily
averaged wind speed exceeding 10 m s�1). The seasonal cycles of S and phytoplankton productivity
(surface chlorophyll as proxy) exhibit similar features in terms of shape, timing and explained variance,
but the relationship between the climatological averages of both variables is non-significant. From
year-to-year, the annual averages of S correlate negatively with those of phytoplankton productivity
and positively with those of sea surface temperature along the latitudinal gradient, and negatively with
those of environmental stability along the oceanic–neritic gradient. The annual anomalies of S (i.e. factor-
ing out geographic variation) show a unimodal relationship with those of sea surface temperature and
environmental stability, with S peaking at intermediate values of the anomalies of these variables. The
results evidence the role of seasonality of phytoplankton productivity on the control of copepod species
richness at seasonal and climatological scales, giving support to the species richness–productivity
hypothesis. Although sea surface temperature (SST) is indeed a good predictor of richness along the lat-
itudinal gradient, it is unable to predict the increase of richness form oceanic to neritic environments,
thus lessening the generality of the species richness–energy hypothesis. Meteo-hydrographic distur-
bances (i.e. SST and wind speed anomalies as proxies), presumably through its role on mixed layer depth
dynamics and turbulence and hence productivity, maximise local diversity when occurring at intermedi-
ate frequency and or intensity, thus providing support to the intermediate disturbance hypothesis on the
control of copepod diversity.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The study of the patterns of species richness and their causes is
one of the central and oldest questions in ecological and evolution-
ary theory (Darwin, 1839). The latitudinal, equatorward increase in
species richness has received much attention. This pattern has
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being reported for an ample number of taxa independently of the
geographic context (terrestrial or oceanic) or time domain
(contemporary or paleontological) considered (Willing et al.,
2003). However, while the patterns have become increasingly well
documented, especially in the last decade due to the concerns
about the impacts of global change on the erosion of diversity
and its effect on ecosystem function and dynamics (Chown and
Gaston, 2000; Worm et al., 2006), the relative importance of the
factors and mechanisms proposed to account for the temporal
and spatial changes of diversity remains a matter of debate
(Willing et al., 2003; Mora and Robertson, 2005). Most causal
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hypotheses can be classified into those based on the variability of
environmental factors (productivity, energy supply and environ-
mental stability), null models (the mid-domain effect) or other pat-
terns, such as the Rapoport effect (Rohde, 1992; Roy et al., 1998;
Colwell and Lees, 2000).

The knowledge of diversity patterns in the pelagic realm is still
scarce compared to that for terrestrial ecosystems (Hillebrand,
2004; Webb, 2009). It has being suggested that species richness
varies along latitudinal, oceanic–neritic and bathymetric gradients
(Angel, 1997). Proposed explanations to account for present day
patterns invoke numerous interacting factors which operate on a
wide range of spatial and temporal scales, from global/geological
(104 km/millennia) to local/diel (metres/hours) (Angel, 1997). The
co-variability observed between species richness of different pela-
gic taxa and environmental descriptors, such as sea surface tem-
perature, concentration of inorganic nutrients or chlorophyll,
gives support to the hypotheses that stress the role of environmen-
tal factors as controllers of diversity. Among them, the species
richness–ambient energy and the species richness–productivity
hypotheses (Currie, 1991; Willing et al., 2003) have received the
greatest support among pelagic taxa (e.g. Roy et al., 1998; Ruther-
ford et al., 1999; Macpherson, 2002; Rombouts et al., 2009). The
ambient energy hypothesis states that the input of solar energy
determines a physical environment that affects organisms through
their physiological responses to temperature. This hypothesis in-
cludes other explanations, such as climatic stability, environmental
stability, environmental predictability, seasonality and harshness
(Willing et al., 2003). The productivity hypothesis posits that en-
ergy availability, productivity and biomass, also tightly linked to
the input of solar energy, are the main controllers of diversity. Both
hypotheses share the common theme of energy but differ in the
ultimate pathways by which available energy controls diversity.
Gillooly and Allen (2007) suggest that the two forms of energy,
kinetic and chemical potential energy, should be kept separate be-
cause they regulate diversity in different ways: the first through its
effects on metabolic rates, the second through its effects on total
community abundance. Discrimination between hypotheses is
complicated by the multi-factorial and multi-scale control of diver-
sity (Angel, 1997) and by the potential bias induced by spatial
autocorrelation and co-linearity among environmental explana-
tory variables (Mora and Robertson, 2005; Rombouts et al.,
2009), which makes it difficult to determine which of the environ-
mental factors are causal or coincidental (Colwell and Lees, 2000).

Among the biotic components of the pelagic ecosystem, zoo-
plankton play a fundamental role because of their importance in
terms of both abundance and biomass and their contribution to a
variety of ecosystem processes (Richardson, 2008). Copepods, the
most prominent taxa of zooplankton, act as major grazers in
oceanic food-webs, channelling energy from primary producers
to higher trophic levels, and contribute to biogeochemical cycles
by means of the regeneration of nutrients through excretion and
the sequestration of organic matter into the seafloor via sinking
of faecal pellets and corpses, thus contributing in a fundamental
way to the biological pump (Longhurst and Harrison, 1989). In
addition, copepods are also good indicators of climate change be-
cause their growth, reproduction and distribution are under strong
bottom-up control (Mauchline, 1998; Richardson, 2008). Conse-
quently, knowledge of the patterns of copepod diversity, both at
regional and basin scales, and the underlying factors and mecha-
nisms controlling their patterns of distribution and diversity is
fundamental in the present scenario of global change (i.e. over
exploitation, pollution and climate change – deYoung et al.,
2008; Cury et al., 2008). Whereas the patterns of copepod diversity
have been documented in recent years at several temporal and
spatial scales (Beaugrand et al., 2000a, 2002b; Wood-Walker,
2001, 2002; Piontkovski et al., 2006; Rombouts et al., 2009), the
investigation on the environmental controls has received less
attention (Beaugrand et al., 2000a, 2003; Beaugrand and Ibanez,
2004; Rombouts et al., 2009).

The Continuous Plankton Recorder (CPR) Survey (http://
www.sahfos.org/) provides the scientific community long-term,
near-surface abundance of phyto- and zooplankton data in the
North Atlantic (Richardson et al., 2006). The application of time
series, multivariate and geostatistical techniques to different spa-
tial and temporal aggregations of CPR data have provided new in-
sights on the distribution of copepod diversity in the North Atlantic
and the hydroclimatic factors that control its spatial (from meso-
to basin-scale) and temporal (from daily to multi-decadal) variabil-
ity (Beaugrand et al., 2000a, 2000b, 2001, 2002a, 2003; Beaugrand,
2004a,b). Here we have applied time series analysis techniques to
spatial compartments (selected CPR Standard Areas) (Beare et al.,
2003 and references therein) distributed along oceanic, latitudinal
and temperate, oceanic–neritic gradients in the North East Atlantic
to: (1) characterise the patterns of copepod species richness at cli-
matological, seasonal and year-to-year time scales along these gra-
dients, and (2) analyse the relationship between copepod species
richness and phytoplankton productivity, temperature and envi-
ronmental stability to investigate the role of these factors on the
control of copepod diversity.

2. Material and methods

2.1. Indices of copepod species richness from CPR data

The CPR Survey, initiated in 1931 by Sir Alister Hardy (Hardy,
1939), is the largest plankton monitoring programme in the world
(Reid et al., 2003). Sampling is carried out by means of a high speed
plankton recorder device towed by ‘ships of opportunity’ along
their standard routes (Hays, 1994; Warner and Hays, 1994; Reid
et al., 2003). Each sample corresponds to approximately 3 m3 of
near-surface (ca. 7 m depth) seawater filtered by a slow moving
band of silk of 270 lm mesh size along ca. 10 nautical miles of
tow (Hays, 1994). Methods of counting and data processing, which
have been consistent since 1948 (Batten et al., 2003), are described
in detail elsewhere (Richardson et al., 2006).

For the present study we have selected eight CPR Standard
Areas in the North East Atlantic covering a latitudinal range from
40� to 67�N: B6 to F6 are distributed along an oceanic, latitudinal
gradient (centred at 25�W and 61.5�, 57.0�, 52.5�, 47.5� and
42.5�N respectively), while F6–F4 and E4 cover from oceanic to
neritic, temperate domains (centred at 42.5�N, 15�W; 44.0�N,
6.5�W; and 46.5�N, 6.5�W for F5, F4 and E4 respectively) (Fig. 1).
The selected CPR Standard Areas extend over three types of North
Atlantic biomes (Longhurst, 1998): polar (Subarctic province,
SARC; B6), westerly winds (North Atlantic Drift and North Atlantic
Subtropical Gyral provinces, NADR and NAST; C6–F6) and coastal
(North East Atlantic Shelves, NECS; E4 and F4). In terms of the com-
munities of copepod species, four main types are present within
the study area (Beaugrand et al., 2002a; Beaugrand and Ibañez,
2002): subarctic (B6–D6), cold-temperate (D6–E6), warm-temper-
ate (F6–F5) and Bay of Biscay and southern European shelf edge
(E4–F4) communities.

We used the mean taxonomic richness per sample (S) as defined
by Beaugrand et al. (2000b) as an index of copepod species rich-
ness. Monthly time series of S were obtained by averaging the
number of calanoid copepod categories (from a list of 106 catego-
ries) in individual samples collected each month between 1958
and 2006 within the limits of the selected CPR Standard Areas
(Supplementary material). The samples were averaged monthly
irrespective of their spatial (i.e. position within each Area) and
temporal (i.e. time of the day of collection) heterogeneity
(Beaugrand et al., 2001).

http://www.sahfos.org/
http://www.sahfos.org/


Fig. 1. Map of the study area showing the position of the Continuous Plankton Recorder (CPR) Standard Areas selected for the presented study; B6–F6 are distributed along an
oceanic, latitudinal gradient while F5–F4 and E4 are representative of a temperate, oceanic–neritic gradient.
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We calculated the total richness per month (Sac), that is, the
monthly cumulative number of different copepod categories from
the individual samples obtained in a given month of the time ser-
ies. For each of the selected areas we have constructed species-
samples (or accumulation) curves (Gotelli and Colwell, 2001) from
the relationship between the total richness per month (Sac) and the
volume sampled by the CPR (V, m3) that month. We assumed that
the relationship between Sac and V follows a saturating function, to
which we fitted a Michaelis–Menten (M–M) function. The asymp-
totic value of the M–M function (Sac_max) provides an estimation of
the maximum richness sampled by the CPR.

2.2. Environmental data: surface chlorophyll and meteo-hydrographic
variables

Satellite-derived surface chlorophyll concentration, an indicator
of phytoplankton standing stock, was used as a proxy for ocean pro-
ductivity (Macpherson, 2002). Monthly time series of surface chlo-
rophyll concentration (Chl, mg m�3) for each CPR Standard Area
were derived from SeaWiFS (level 3) monthly values mapped at
ca. 9 � 9 km2 pixels between 1998 and 2008 (http://oceancol-
or.gsfc.nasa.gov/) (Supplementary material). From these time series
we calculated the ratio between the minimum and maximum
monthly averaged chlorophyll, for each year and for the seasonal cy-
cle. This ratio quantifies the amplitude of the seasonal signal of chlo-
rophyll relative to its baseline, and is thus an index of the seasonality
of phytoplankton standing stock (SPSS): high (low) values of the
SPSS index are indicative of low (high) amplitude seasonal cycles.

Sea surface temperature (SST, �C) and the number of days per
month with daily averaged wind speed exceeding 10 m s�1 (w10,
days month�1) were selected as descriptors of the meteo-hydro-
graphic environment and proxies for energy availability and envi-
ronmental stability respectively. Monthly time series of SST and
w10 for each CPR Standard Area (Supplementary material) were
calculated from monthly SST and daily wind speed data averaged
over each Standard Area (grid resolution: 2� and 2.5� for SST and
wind speed respectively). These data were retrieved from the Earth
System Research Laboratory web page (http://www.cdc.noaa.gov/).

2.3. Numerical analysis

We have applied time series analysis techniques to decompose
and parameterise the multi-year (linear and cyclical), seasonal and
random components of variation of the mean taxonomic richness
per sample (S) and environmental variables (Chl, SST and w10).
Gaps in the monthly time series of S and Chl were filled with the
respective monthly average of the seasonal cycle. Time series anal-
ysis methods have been already applied by several authors to CPR
data (e.g. Broekhuizen and McKenzie, 1995; Rothschild, 1998;
Beare and McKenzie, 1999; Kirby et al., 2009). The relationships
among variables were explored using linear and non-linear regres-
sion techniques. All the analyses were performed using Matlab�.

We fitted an additive decomposition model to the time series in
order to parameterize the main modes of temporal variability,

xt ¼ �xþ LT½xt � þ LTC½xt� þ SC½xt � þ R½xt � ð1Þ

where t is the index for time; �x, the climatological average of the
variable analysed; LT is the long-term linear trend; LTC and SC rep-
resent the multi-year and seasonal cyclical components respec-
tively; and R accounts for the remaining fluctuations of the time
series. LT, LTC and SC were treated as ‘deterministic’ components
(Chatfield, 1992).

The seasonal component was defined by the combination of the
first and second harmonics of the annual period,

SC½xt � ¼ A12 cos
2p
12

t þ h12

� �
þ A6 cos

2p
6

t þ h6

� �
ð2Þ

where A12 and A6 are the amplitudes of the first (period,
T = 12 months) and second (T = 6 months) harmonics of the annual
period respectively, and h12 and h6 are their phases in radians. These
parameters were extracted by means of Fourier analysis (Poularikas
and Seely, 1991). The timing of the seasonal cycle was specified by
the month when the maximum of a given cycle occurs (Tm):

�hi ¼
2p
Ti

Tm ð3Þ

The long-term variation was parameterized by the slope of the
linear trend and/or the amplitude, phase and period of long-term
cycles (T > 12 months). The statistical significance level of the
extracted cycles was estimated according to the Anderson criterion
(Ac) (Legendre and Legendre, 1998):

Ac ¼ �ð2=nÞlogeð1� m
ffiffiffiffiffiffiffiffiffiffiffiffi
1� a
p

Þ ð4Þ

where n is the number of observations in the series, m is the largest
computed harmonic period, and a is the probability level.
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The ‘stochastic’ component, the de-trended and de-seasonalized
residuals, was parameterized by means of an autoregressive mod-
el, which involves the description of the time series in terms of a
weighted sum of its own past values,

R½xt � ¼ /iðR½xt�i�Þ þ at ð5Þ

where /i are the auto-regressive parameters, and at represents the
pre-whitened residuals, a time series of independent, identical and
normally distributed random shocks (or white noise) with zero
mean and constant variance (r2

a). The order of the autoregressive
process is defined by the inspection of the auto-correlation (acf)
and partial auto-correlation functions (pacf), and the auto-regres-
sive parameters were estimated using the Yule–Walker equations
(Wei, 1990).

We plotted the parameters of the fitted univariate models
(average, amplitude and timing of 1st and 2nd harmonics of the
annual period, slope of the linear trend and first-order autoregres-
sive parameter) relative to the latitudinal and oceanic–neritic gra-
dients to highlight the geographic patterns of copepod diversity
and environmental conditions along these gradients.

The relationships between the mean taxonomic richness per
sample (S) and the environmental variables were analysed at cli-
matological and year-to-year scales, for the annual averages (Eq.
(6.1)) and annual residuals (Eq. (6.2)) (i.e. factoring out the geo-
graphic patterns), to test the role of ocean productivity (Chl and
SPSS), energy availability (SST) and environmental stability (w10
and annual residuals of SST and w10) as underlying factors regulat-
ing S:

�Sjði>6Þ;k : f ð�xj;kÞ ð6:1Þ

DSj;k : f ðDxj;kÞ; being DSj;k ¼ �Sjði>6Þ;k � �Sk and Dxj;k ¼ �xj;k � �xk ð6:2Þ

where j, i and k are the sub-indices for year, month and CPR
Standard Area respectively, and x designates the environmental
variables. To reduce biases in the estimation of the annual averages
of S we have considered only those years with more than six sam-
pled months (i > 6). Prior to the analysis, the annual time series
were de-trended (i.e. trend subtraction) if necessary to make them
stationary. The relationships between the de-trended annual time
series of S and environmental descriptors were explored using lin-
ear, curvilinear or locally weighted polynomial regression (loess
function) (Cleveland and Devlin, 1988). For loess regression, at each
point in the data set a 2nd degree (quadratic) polynomial was fitted
to a subset of the data, with values of the explanatory variable near
to the point whose response is being estimated. The smoothing
parameter (a) was chosen taking into account the dispersion of
the data to be fitted; a was set between 0.2 and 0.3, within the typ-
ical range for applications of the loess function.

3. Results

3.1. Geographic patterns

3.1.1. Mean taxonomic richness (S)
Along the oceanic, latitudinal gradient, the climatological

average of mean taxonomic richness of copepods per sample (S)
increased equatorward (Fig. 2a). Seasonality was a prominent mode
of variation in the monthly time series, although its contribution to
total variability decreased from subpolar to temperate latitudes (ca.
65% in B6–C6 to ca. 40–50% in E6–F6) (Table 1). The seasonal cycle
showed a marked latitudinal pattern (Fig. 3a): the unimodal charac-
ter of the cycle was significantly higher in subpolar than in temper-
ate latitudes (steep change in A12 between B6–C6 and D6–F6), while
the relevance of the semi-annual component increased equatorward
(rising A6:A12 ratio from 0.2 to 1.7 between B6 and F6). Seasonally, S
peaked on average in spring (April–May) and to a lesser extent in au-
tumn (October) in the temperate locations of the gradient (E6 and
F6), while at the northernmost side (B6 and C6) a single but extended
summer peak of S occurred about two months later (from June to
September). In the long-term S decreased in C6, although the slope
of this decreasing trend was only marginally significant (p < 0.05
in the de-seasonalized time series) and its estimation must be taking
with caution due to the discontinuity of the series (Supplementary
material). If we considered continuously sampled intervals in the
series, S decreased slightly in the northernmost location (B6) be-
tween 1958 and 1986 but increased conspicuously in the last decade
(1991–2006) (annual rates: �0.01 and 0.04 S year�1 respectively;
p < 0.05 in both cases). The de-trended and de-seasonalized residu-
als presented a significant autocorrelation only for the time series of
B6 (Table 1). The autocorrelation coefficient was lower for the subset
of the time series (r at lag k = 1, r1 = 0.17 and 0.15 for the first
and second sub-set respectively) than for the complete series
(r1 = 0.22), indicating that for this last case the serial dependence
captures de long-term variability of each of the time series subsets
(Table 1).

The average of S increased along the temperate, oceanic–neritic
gradient from ca. 2.0 in the oceanic side (F6 and F5) to 3.4 and 4.1
in the more neritic areas (E4; Bay of Biscay and F4; North Iberian
shelf). The amount of variance retained by the seasonal cycle was
significantly lower in neritic (ca. 34% and 28% in E4 and F4 respec-
tively) than in oceanic environments. The bimodality of the
seasonal cycle characterised all CPR Standard Areas along this gra-
dient, although the spring and autumn peaks of S happened earlier
in the neritic areas (E4–F4) (March–April and September–October)
(Fig. 3b). The time series for E4 and F4 showed a decreasing, highly
significant (r = �0.31 and �0.23 respectively, p < 0.001 both) long-
term trend (ca. �0.04 S year�1). Autocorrelation was also signifi-
cant in these series.

3.1.2. Phytoplankton standing stocks (Chl)
The climatological average of surface chlorophyll from SeaWiFS

(Chl) was higher at northern locations (B6–D6) than at southern
ones (E6–F6) (Fig. 2b). The contribution of the seasonal cycle de-
creased equatorward from 63% in B6 to 41% in F6 (Table 2). The
amplitude of the annual component decreased, the bimodality of
the seasonal cycle increased and the peaks of phytoplankton stand-
ing stock occurred earlier equatorward. At southern locations (E6–
F6), the spring peak took place in April–May and the autumn peak
in October–November, while at northern locations (B6–D6) a single
peak occurred between May and July (Fig. 3c). Only at the southern
locations (E6–F6) surface chlorophyll decreased significantly be-
tween 1998 and 2008 (r = �0.27, p < 0.01 and r = �0.28, p < 0.001
respectively) at a rate of �0.01 to �0.02 mg Chl m�3 year�1. All the
series showed significant autocorrelation, for which the contribu-
tion to total variance ranged from 3.5% to 15.7% for B6 and F6
respectively.

Along the oceanic–neritic gradient, the climatological average
of surface chlorophyll (Chl), the amplitudes of the annual and
semi-annual components and the bimodality of the seasonal cycle,
which accounted for a percentage of variance ranging between 40%
and 60%, increased towards neritic areas. Also, the spring and au-
tumn peaks occurred progressively earlier in neritic environments
than in oceanic ones: May–November in F6, April–October in E4
and March–September in F4 (Fig. 3d). F5 and F4 showed marginally
significant (p < 0.05) long-term trends of different sign (ca. �0.01
and 0.01 mg Chl m�3 year�1 respectively). All the series exhibited
significant autocorrelation.

3.1.3. Meteo-hydrographic conditions (SST and w10)
Sea surface temperature (SST) showed an increasing pattern

equatorward for most of the univariate time series model
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Fig. 2. Charts of the variability of the parameters of the univariate time series models fitted to the monthly time series along the latitudinal (B6–F6) and oceanic–neritic (F6–
F4 and E4) gradients (Tables 1 and 2): (a) copepod species richness (S, mean number of copepod categories per CPR sample); (b) surface chlorophyll from SeaWiFS (Chl,
mg m�3); (c) sea surface temperature (SST, �C); (d) number of days per month with daily average wind speed exceeding 10 m s�1 (w10, days�mo�1). The parameters of the
time series models are, from left to right: climatological average (�x), amplitude of the first (A12, black square) and second (open square) harmonics of the annual period (A6);
phase of A12 and A6, indicated as the month of the year when the maximum of each cyclical component occurs (Tmax12 and Tmax6, top and bottom x-axis respectively); slope of
the linear trend (b, as the rate of change per year) (bars, top x-axis); and value of the first-order autoregressive parameter (U1) (black dots, bottom x-axis).
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parameters (Fig. 2c). The climatological average of SST increased
from 9.0 �C in B6 to 17.1 �C in F6 (Table 2). The amplitude of the
annual component, which accounted for a percentage of variance
between 84% (B6) and 91% (F6), differed by 1.4 �C between the ex-
treme locations of the latitudinal gradient. The timing of the an-
nual and semi-annual components occurred progressively later
(between 7 and 10 days) equatorward. Maximum values in the
seasonal cycle were observed in August. In the northern areas



Table 1
Parameters of the univariate time series models fitted to the monthly time series of mean copepod species richness per sample (S) in different CPR Standard Areas (CPR Area) for
the whole length of the series (shaded grey rows) and for subsets of relatively continuous sampling (see Supplementary material) (not applicable for F5 due to scarcity of data in
the subsets). Var, variable (S); Years, period analysed; n, number of samples and number of sampled months (mo); �x, climatological average; b, slope of the linear trend (year�1); T,
A, F and Tm are the period, amplitude, phase (in radians) and month of the maximum for the 1st and 2nd harmonics of the annual period; /1, the value of the first order
autoregressive parameter (lag k = 1); EVLT, EVSC, EVAR and EVT are respectively the percentages of variance explained (i.e. coefficient of determination, r2) by the long-term, seasonal
and auto-regressive components and by the resultant univariate additive decomposition model.

Var CPR Area Years n mo �x b EVLT T A F Tm EVSC /1 EVAR EVT

S B6 1958–2006 7969 1.51 12 1.19 2.35 7.5 63.5 0.22 1.6 67.8
453 6 0.24 1.43 4.6 2.7

1958–1986 6060 1.50 �0.01 1.3 12 1.12 2.32 7.6 58.0 0.17 1.1 64.6
298 6 0.30 1.52 4.6 4.2

1991–2006 1909 1.55 0.04 2.3 12 1.33 2.39 7.4 69.1 0.15 0.5 72.9
155 6 0.16 1.05 5.0 1.0

C6 1958–2006 1544 1.92 �0.01 0.3 12 1.32 2.46 7.3 59.0 63.4
162 6 0.35 1.45 4.6 4.1

1958–1986 949 2.12 12 1.49 2.27 7.7 66.7 71.5
87 6 0.40 1.26 4.8 4.8

1988–2006 595 1.72 12 1.21 2.71 6.8 46.7 50.2
75 6 0.33 1.71 4.3 3.5

D6 1958–2006 3091 2.25 12 0.77 2.65 6.9 20.9 28.4
231 6 0.46 1.30 4.8 7.5

1958–1986 1934 2.33 12 0.75 2.56 7.1 18.8 27.3
149 6 0.50 0.99 5.1 8.5

1994–2006 1157 2.09 12 0.81 2.81 6.6 17.4 22.9
82 6 0.46 1.82 4.3 5.5

E6 1967–2006 3304 2.54 12 0.87 2.55 7.1 20.8 40.8
189 6 0.85 1.38 4.7 19.9

1967–1985 1752 2.85 12 0.72 2.39 7.4 11.0 36.4
108 6 1.10 1.29 4.8 25.4

1997–2006 1552 12 1.10 2.74 6.8 27.0 36.5
81 6 0.65 1.84 4.2 9.5

F6 1970–2006 2418 2.53 12 0.69 3.04 6.2 14.1 52.9
141 6 1.15 1.76 4.3 38.9

1970–1982 1419 2.39 12 0.85 3.32 5.7 16.7 47.0
82 6 1.15 1.62 4.5 30.3

1998–2006 999 12 0.70 2.33 7.6 10.5 32.4
59 6 1.01 1.97 4.1 21.9

F5 1967–2006 471 1.92 12 1.14 3.29 5.7 29.3 46.5
64 6 0.87 1.16 4.9 17.3

1967–1982 213 2.09
36

2000–2006 258 1.48
28

E4 1958–2006 6557 3.35 �0.04 9.4 12 1.18 3.70 4.9 17.9 0.22 2.7 46.6
515 6 1.13 1.56 4.5 16.5

F4 1958–2006 2677 4.06 �0.04 5.2 12 1.39 3.64 5.0 20.0 0.15 1.5 34.8
357 6 0.88 2.19 3.9 8.0

1958–1990 1580 4.39 �0.05 4.0 12 1.38 3.47 5.4 18.5 0.16 2.0 30.9
261 6 0.82 2.23 3.9 6.5

1998–2006 1097 3.18 12 1.54 4.02 4.3 23.8 37.1
96 6 1.15 2.01 4.1 13.3
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(B6–D6) the series exhibited significant long-term increasing
trends (between 0.003 and 0.004 �C year�1). A significant
(p < 0.05 according to Anderson criterion) multi-year cycle was ex-
tracted from the series at the northernmost latitudes (B6–C6).
These long-term components represent about 3% of the variability
of the series and according to their respective phases depicted a cy-
cle that reached minimum values in the mid eighties (1983–1984).
All the series exhibited significant autocorrelation, although its
contribution to total variance decreased from boreal (4.1% in B6)
to sub-tropical latitudes (1.3% in F6).

At temperate locations along the oceanic–neritic gradient, the
climatological average of SST decreased slightly from F6 (17.1 �C)
towards neritic environments (F4, 16.1 �C), descending to 14.2 �C
in the Bay of Biscay area (F4). The seasonal component accounted
for more than 90% of the variance in all temperate locations, and
the amplitudes of the annual and semi-annual components were
similar all along the gradient (Table 2). The seasonality differed
only in the timing: the seasonal peak occurred around 1 week ear-
lier in the neritic side. E4 showed an increasing, marginally signif-
icant, long-term trend of 0.003 �C year�1. All the series exhibited
significant autocorrelation, although its contribution to total vari-
ance was minor (ca. 1%).

The climatological average of the number of days per month with
daily averaged wind speed exceeding 10 m s�1 (w10) was higher at
intermediate (ca. 14 days�month�1 in C6–D6) than in the extreme
locations (ca. 12 and 9 days�month�1 in B6 and F6 respectively) of
the latitudinal gradient (Fig. 2d). The seasonal cycle represented
between 54% and 64% of the variability of the series. It shape,
strongly unimodal (A6:A12 ca. 0.1), was similar through the studied
latitudinal range except for the timing, which was delayed ca.
14 days equatorward (seasonal peaks in late January and early
February in B6 and F6 respectively). All the series except D6
showed an increasing long-term trend (annual rate ca. 0.03
days month�1 year�1). None of the series showed significant auto-
correlation (Table 2).

At temperate latitudes, the climatological average and the
amplitudes of the components of the seasonal cycle of w10 were
significantly lower in the most neritic environment (F4). The sea-
sonal cycle, which was mainly unimodal (A6:A12 ca. 0.1–0.2), ac-
counted for 55% and 35% of the variability of the series in the
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Fig. 3. Seasonal cycles (first and second harmonics of the annual period) of: (a and b) copepod species richness (S, mean number of copepod categories per CPR sample) and (c
and d) surface chlorophyll from SeaWiFS (Chl, mg m�3), along latitudinal (left, B6–F6) and oceanic–neritic gradients (right, F6–F4 and E4).
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oceanic (F6) and neritic (F4) extremes, and the seasonal peak oc-
curs in early February.
3.2. Species-samples curves and relationships between diversity
indices (S and Sac)

Species-samples curves for each CPR Standard Area were
obtained from the total richness per month (Sac) as a function of
the volume sampled by the CPR (V, m3) that month (Fig. 4a and
b). Table 3 compiles the parameter values of the fitted accumula-
tion curves (Michaelis–Menten type: M–M). The asymptotic value
of the M–M function, the maximum richness sampled by the CPR
(Sac_max), increased equatorward from ca. 12 to 31 taxa, but de-
creased from oceanic to neritic environments (23 and 20 taxa in
E4 and F4 respectively). The initial slope of the fitted M–M func-
tions (b0 in Table 3), however, increased along both gradients,
equatorward (from 0.09 to 0.24 in B6 and F6 respectively) and to-
wards neritic environments (from 0.24 to 0.37 in F6 and F4
respectively).

In order to check to what extent Sac (and Sac_max) values derived
from the CPR could provide an estimation of the actual (and max-
imum) values of species richness, we have compared the species-
samples curve obtained in F4 during April with values of species
richness of calanoid copepods obtained in this area and month
using conventional net sampling methods (Fig. 4c). The three data-
sets used for comparative purposes come from two different
sources: the monthly time-series monitoring programme RADI-
ALES (http://www.seriestemporales-ieo.net) for the sections off A
Coruña (43.4�N, 8.4�W; Northwest Iberian shelf; from 1994 to
2006; vertical hauls down to a maximum depth of 100 m with
WP2 of 200 lm mesh size) and Santander (43.5�N, 3.8�W, Central
Cantabrian shelf, from 1991 to 1996; double oblique hauls down
to a maximum depth of 50 m with Juday–Bogorov net of 250 lm
mesh size) (Valdés and Moral, 1998), and an extensive sampling
carried out in April 2004 all along the Northwest and North Iberian
shelf (similar sampling protocols that in the section off A Coruña)
(Cabal et al., 2008) (details of datasets in caption of Fig. 4c). The
comparison between the values of Sac from the CPR and of species
richness from the three independent datasets is reasonably good
considering the differences between sampling methods (devices,
mesh-sizes, epipelagic versus water column integrated, etc.). The
relationship between the monthly cumulative richness (Sac) and
mean richness per sample (S) could be represented by a saturating
M–M function (Fig. 4d). The fitted function accounted for 60% of
the variability, and its parameters, maximum richness (Sac_max)
and mean richness at half Sac_max, were ca. 44 and 5 copepod
categories.
3.3. Relationship between mean taxonomic richness (S) and
environmental variables

On the year-to-year scale (Fig. 5a–d), the correlation between
the de-trended (Table 4) annual averages of S and surface
chlorophyll (Chl) was significant along the latitudinal gradient
(r = �0.48, p < 0.01, n = 28), but not along the oceanic–neritic
gradient or when the data from both gradients were pooled
(Fig. 5a and Table 5). S showed a positive linear relationship with
the index of seasonality of phytoplankton standing stock (SPSS)
along both gradients (r = 0.40, p < 0.01, n = 46), but not when the
data for each gradient were considered separately (Fig. 5b, Table
5). The de-trended annual averages of S and sea surface tempera-
ture (SST) showed a highly significant (p < 0.001) positive

http://www.seriestemporales-ieo.net


Table 2
As in Table 1 but for the environmental variables: chlorophyll concentration from SeaWiFS (Chl, mg�m�3) for the period 1998–2008; sea surface temperature (SST, �C) (1948–
2007); number of days per month with daily averaged wind speed exceeding 10 m s�1 (w10, days�month�1) (1950–2007). For Chl, the number of samples (n) corresponds to the
number of pixels (9 � 9 km2) within each CPR SA multiplied by the number of available monthly data. For SST and w10, n indicates the number of time series data (monthly or
daily respectively) and of grid points averaged within each CPR Area (in brackets).

Var CPR Area n mo �x b EVLT T A F Tm EVSC U1 EVAR EVT

Chl B6 6912 0.51 12 0.40 2.80 6.7 59.9 0.31 3.5 66.6
94 6 0.09 0.11 5.9 3.3

C6 6912 0.50 12 0.28 2.91 6.4 47.8 0.52 14.2 62.4
96 6 0.03 0.49 5.5 0.4

D6 8640 0.53 12 0.27 2.89 6.5 51.0 0.54 14.4 65.6
111 6 0.02 0.66 5.4 0.2

E6 8640 0.41 �0.02 7.4 12 0.21 3.29 5.7 39.9 0.48 10.3 66.9
121 6 0.10 1.15 4.9 9.3

F6 8640 0.29 �0.01 8.0 12 0.12 4.33 3.7 29.5 0.56 15.7 64.6
122 6 0.07 1.44 4.6 11.3

F5 7200 0.34 �0.01 2.9 12 0.18 4.42 3.6 44.2 0.23 1.7 66.7
122 6 0.11 1.95 4.1 17.9

E4 3024 0.57 12 0.24 4.15 4.1 36.3 0.47 10.6 63.6
120 6 0.17 1.82 4.3 16.7

F4 2100 0.65 0.01 1.6 12 0.16 4.57 3.3 22.0 0.35 7.4 50.8
122 6 0.15 2.79 3.3 19.8

SST B6 720 (�12) 9.03 0.004 0.09 12 1.97 2.02 8.1 84.0 0.79 4.1 88.2
720 6 0.56 4.40 1.8 6.9

720 0.39 5.62 75.6 3.3
C6 720 (�12) 10.26 0.004 0.01 12 2.14 1.96 8.3 86.5 0.74 3.6 90.1

720 6 0.49 4.31 1.9 4.5
720 0.39 5.80 55.5 2.9

D6 720 (�12) 12.07 0.003 0.08 12 2.40 1.97 8.2 86.7 0.69 3.6 90.3
720 6 0.50 4.21 2.0 3.7

720 0.36 6.18 11.4 1.9
E6 720 (�18) 14.20 12 2.65 1.95 8.3 86.8 0.64 2.9 89.6

720 6 0.62 4.16 2.0 4.8
720 0.35 0.22 694.6 1.5

F6 720 (�18) 17.13 12 3.39 1.90 8.4 91.4 0.61 1.3 92.7
720 6 0.71 4.10 2.1 4.0

720 0.38 0.38 676.3 1.1
F5 720 (�15) 16.50 12 3.22 1.87 8.4 93.4 0.65 1.2 94.6

720 6 0.53 4.02 2.1 2.6
720 0.36 0.44 669.6 1.1

E4 720 (�10) 14.24 0.003 0.36 12 3.52 1.95 8.3 93.7 0.66 1.1 95.1
720 6 0.60 4.30 1.9 2.8

720 0.33 0.50 662.8 0.8
F4 720 (�7) 16.10 12 3.03 1.91 8.4 92.7 0.60 1.5 94.2

720 6 0.42 4.06 2.1 1.8
720 0.37 0.54 658.1 1.4

w10 B6 20 805 (�10) 12.32 0.03 0.5 12 6.77 5.82 0.9 63.5 64.0
696 6 1.02 2.76 3.4 1.4

C6 20 805 (�10) 14.48 0.02 0.4 12 6.22 5.90 0.7 56.5 56.8
696 6 0.81 2.49 3.6 1.0

D6 20 805 (�15) 13.83 12 6.08 5.93 0.7 54.3 54.3
696 6 0.52 1.60 4.5 0.4

E6 20 805 (�15) 11.88 0.03 0.7 12 6.49 5.81 0.9 56.6 57.3
696 6 0.43 1.14 4.9 0.3

F6 20 805 (�15) 8.69 0.03 0.7 12 6.47 5.70 1.1 56.3 56.9
696 6 0.56 1.18 4.9 0.4

F5 20 805 (�12) 8.67 0.03 0.8 12 4.95 5.68 1.2 43.1 43.9
696 6 0.79 1.23 4.8 1.1

E4 20 805 (�6) 8.12 0.02 0.5 12 5.43 5.81 0.9 51.7 52.2
696 6 0.58 0.62 5.4 0.6

F4 20 805 (�2) 1.46 12 1.88 5.86 0.8 32.5 32.5
696 6 0.53 5.64 0.6 2.6
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correlation along the latitudinal gradient (r = 0.62, n = 96) or when
all the data are pooled (r = 0.64, n = 180), but not when only the
data along the oceanic–neritic gradient were considered (Table 5;
Fig. 5c). There was no relationship between the de-trended annual
averages of S and the number of days per month with daily average
wind speed exceeding 10 m s�1 (w10) along the latitudinal gradi-
ent, but a highly significant (p < 0.001) negative linear relationship
along the oceanic–neritic gradient (r = �0.38, p < 0.001, n = 95) or
when the data for both gradients were pooled (r = �0.69,
p < 0.001, n = 180) (Fig. 5d).

At the climatological scale, the correlation between the climato-
logical averages of S and Chl was not significant (Fig. 5e, Table 6).
Significant positive correlations were found with the SPSS index
(r = 0.97, p < 0.001, n = 6) (Fig. 5f) and to a lesser extent with SST
(r = 0.76, p < 0.05, n = 7) (Fig. 5g), although in this last case the gen-
eral relationship between S and SST was forced by the latitudinal
gradient. The relationship between S and w10 was also significant
but negative (r = �0.90, p < 0.01, n = 7) (Fig. 5h). According to these
results, the best predictor of the geographic variation of the clima-
tological average of S was the climatological average of the SPSS in-
dex. The regression line obtained (Table 6) was applied to map the
expected climatological average of S as a function of the average
value of SPSS in each SeaWiFS pixel (area of 9 � 9 km2) of the
North Atlantic (between latitudes 30� and 70�N and longitudes



Fig. 4. Species-samples curves for each CPR Standard Area derived from the relationship between the cumulative number of copepod categories per month (Sac) and the
sampled volume (V, m3; V = number of CPR samples � 3 m3�sample�1), along (a) latitudinal and (b) oceanic–neritic gradients; the assignment of each accumulation curve to
its corresponding CPR Standard Area is indicated by a larger symbol at the extreme of the fitted function (Table 3). (c) Accumulation curve for April in F4 (North Iberian shelf)
from CPR data (grey dots, n = 27) and for three independent data sets obtained by conventional net sampling methods in a mid-shelf oceanographic station off A Coruña
(closed diamond) and Santander (closed circle) (monthly time series monitoring programme RADIALES), and a grid of stations distributed all along the Northwest and North
Iberian shelf (PELACUS cruise of 2004; closed square). The statistics of copepod species richness for these independent data sets are: time series off A Coruña, n = 12 (monthly
between 1994 and 2006), V = 13 m3, mean Sac = 19.3, min. Sac = 15, max. Sac = 29; time series off Santander, n = 5 (monthly between 1992 and 1996), V = 56 m3, mean
Sac = 16.7, min. Sac = 14, max. Sac = 18; extensive sampling, n = 98, V = 13 m3, mean Sac = 23.4, min. Sac = 14, max. Sac = 33. (d) Relationship between the cumulative number of
species per month (Sac) and monthly mean copepod species richness per CPR sample (S); the parameters of the Michaelis–Menten relationship between Sac and S are:
Sac_max = 44 ± 6, SM = 5 ± 1 (n = 706, r2 = 0.60, p < 0.001).

Table 3
Parameters of the accumulation curves (Michaelis–Menten type) fitted to the
relationship between total richness per month (Sac) and sampled volume (V, m3) for
the selected CPR Standard Areas (CPR Area). Abbreviations stand for: n, number of
samples (months); Sac_max, maximum (asymptotic) value of Sac; VM, constant of the
saturating function (i.e. value of V at which Sac equals ½ Sac_max); r2, coefficient of
determination of the fitted function. The initial slope of the Michaelis–Menten
function is also given (b0, copepod categories�m�3). All relationships are significant at
p < 0.001.

CPR area n Michaelis–Menten function b0 ± SE

Sac_max ± SE VM ± SE r2

B6 453 12 ± 3 58 ± 45 0.19 0.09 ± 0.01
C6 166 17 ± 5 36 ± 21 0.46 0.18 ± 0.02
D6 233 21 ± 5 37 ± 22 0.39 0.21 ± 0.01
E6 192 35 ± 9 71 ± 36 0.45 0.22 ± 0.02
F6 148 31 ± 11 56 ± 43 0.32 0.24 ± 0.02
F5 68 37 ± 40 105 ± 160 0.30 0.24 ± 0.04
E4 515 23 ± 4 22 ± 10 0.16 0.35 ± 0.01
F4 365 20 ± 2 12 ± 8 0.41 0.37 ± 0.02
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60�W to 5�E) (Fig. 6). Within the analysed spatial domain (framed
area in Fig. 6), the expected values of the climatological averages of
S capture the main geographic patterns described: the increasing
pattern equatorward and towards neritic environments. However,
the finer spatial scale of the explanatory variable (i.e. average SPSS
in each SeaWiFS pixel) impose considerable regional to mesoscale
variability in the spatial distribution of S, such as the patchiness in
the oceanic environment at about 40�N, the differences between
the western and northern Iberian shelf, the high values associated
to the oceanic margin of the French shelf and the low values in the
central part of the Bay of Biscay.
3.4. Role of meteo-hydrographic variability and disturbances

The distribution of the annual residuals of S versus those of SST
(DSj,k:f(DSSTj,k), Eq. (6.2)) along the latitudinal gradient described
a double bell-shaped pattern, with peaks of species richness at DSST
around�0.4 and +0.5 �C and species richness values close to the cli-
matological average of its respective CPR Standard Area (DS � 0)
when the annual residuals of temperature are close to zero
(Fig. 7a). The distribution showed a unimodal pattern when the an-
nual anomalies of S were related with the absolute values of the an-



Fig. 5. Relationships between mean copepod species richness per sample (S) and environmental variables at year-to-year (left figures) and climatological (right figures)
scales; (a and e) surface chlorophyll (Chl, mg m�3); (b and f) index of seasonality of phytoplankton standing stock (SPSS = 100�Chlmin/Chlmax); (c and g) sea surface
temperature (SST, �C); (d and h) number of days per month with daily averaged wind speed exceeding 10 m s�1 (w10, days month�1). For the year-to-year relationships, the
linear regressions along the latitudinal (dotted), oceanic–neritic (grey) and both gradients (black) are shown (Table 5). For the relationships between the climatological
averages, the bars indicate the standard error of the mean and the dotted line the linear regression (Table 6).
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nual anomalies of SST (peak at |DSST| about 0.4–0.5 �C) (Fig. 7b). The
relationship between the anomalies of these variables for the CPR
Standard Areas with higher neritic influence (E4 and F4, Fig. 8a
and b) was similar, with peaks of DS at ca. �0.5 and +0.2 �C respec-
tively. The bell-shaped pattern also held when considering the abso-
lute values of DSST:DS peaked at |DSST| values about 0.2 �C (Fig. 8b).



Table 4
Slope of the linear trend of the time series of the annual averages of mean copepod
species richness per sample (S) and environmental conditions (Chlorophyll, Chl, for
1998–2006 and SST and w10 for the period 1958–2006). The number of valid years
(i.e. more than six sampled months per year) of S in each of the analysed CPR boxes is
indicated in column n. The asterisks indicate the significance level of the trend.

CPR Area n S Chl SST w10

B6 45 �0.001 0.003 �0.006 0.026**

C6 7 �0.007 0.005 �0.004 0.024*

D6 18 �0.005 0.000 �0.001 0.010
E6 15 0.008 �0.019** 0.001 0.028**

F6 11 0.020 �0.013** 0.001 0.024**

F5 2 � �0.0010* 0.004 0.026**

E4 49 �0.047*** 0.007 0.005 0.023**

F4 35 �0.048*** 0.010* 0.002 0.007

No asterisk indicates that the trend is no significant.
* p < 0.05.
** p < 0.01.
*** p < 0.001.

Table 6
Parameters of the linear regression between the climatological averages in each CPR
Standard Area of mean copepod species richness per sample (S) and environmental
conditions (Chlorophyll, Chl; index of seasonality of phytoplankton standing stock,
SPSS; sea surface temperature, SST; number of days per month with daily average
wind speed exceeding 10 m s�1, w10). n, number of CPR Standard Areas; b, slope of
the linear trend; a, ordinate at origin; r, correlation coefficient; a, significance level of
the fitted linear function.

Variable n b a r a

Chl 6 �0.32 ± 5.70 2.59 ± 2.89 �0.08 0.87
SPSS 6 0.094 ± 0.031 �0.071 ± 0.841 0.97 0.001
SST 7 0.23 ± 0.22 �0.43 ± 3.06 0.76 <0.05
w10 7 �0.179 ± 0.102 4.44 ± 1.11 �0.90 <0.01
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The distribution of the annual residual of S described also a dou-
ble bell-shaped pattern in relation to the annual residuals of the
number of days per month with daily average wind speed exceed-
ing 10 m s�1 (w10). The peaks of species richness occurred at val-
ues of Dw10 around �1 and +1 days per month, and species
richness values were close to its respective climatological average
for values of Dw10 � 0, both for data along the latitudinal gradient
(Fig. 7c) and from the neritic environments (Fig. 8c). A unimodal
relationship was also obtained between the annual anomalies of
S and |Dw10|: the peak took place at |Dw10| between 1 and
1.5 days per month for the data along the latitudinal gradient
(Fig. 7d) and around 1 day per month for the data from the neritic
environments (Fig. 8d).
4. Discussion

4.1. Time series analysis and the estimation of species richness

Two methodological considerations must be taken into account
before interpreting the results presented here. First, although the
application of time series analysis methods on spatial compart-
ments have been and still are (e.g. Kirby et al., 2009) commonly ap-
plied to CPR data in order to extract the components of variability
of the series (e.g. overview of statistical methods by Beaugrand
et al., 2003; Beare et al., 2003) biases may arise as a result of the
possible interaction between temporal components and between
Table 5
Parameters of the linear regression between the annual averages of the mean copepod spe
seasonality of phytoplankton standing stock, SPSS; sea surface temperature, SST; number o
functions were fitted to data along the latitudinal and oceanic–neritic gradients separately a
were used to estimate the annual averages of S. The annual time series were de-trended if n
b, slope of the linear trend; a, ordinate at origin; r, correlation coefficient; a, significance

Variable Gradient n b

Chl Latitudinal 28 �2.52 ±
Oceanic–neritic 23 0.43 ±
Both 46 �0.64 ±

SPSS Latitudinal 28 0.026 ±
Oceanic–neritic 23 0.017 ±
Both 46 0.036 ±

SST Latitudinal 96 0.13 ±
Oceanic–neritic 95 �0.08 ±
Both 180 0.28 ±

w10 Latitudinal 96 �0.06 ±
Oceanic–neritic 95 �0.13 ±
Both 180 �0.19 ±
those and spatial processes such as spatial autocorrelation (Beau-
grand and Ibañez, 2002). In a series of papers published in recent
years, Beaugrand and colleagues have combined multivariate, time
series and geostatistical tools to tackle satisfactorily these prob-
lems (e.g. Beaugrand et al., 2000a). The good comparability be-
tween the species richness patterns obtained by Beaugrand et al.
(2002b) and those obtained by us (see below) suggests that the
application of conventional time series analysis methods on spatial
compartments, such as the CPR Standard Areas, renders satisfac-
tory results in terms of description of the main temporal compo-
nents and their spatial variability. Furthermore, the combination
of time series analysis on spatial compartments and regression
techniques is a suitable way to infer the functional relationship be-
tween variables.

The second consideration is related with the indices of species
richness used to analyse the patterns of diversity and their under-
lying causes. The mean taxonomic richness per CPR sample pro-
posed by Beaugrand et al. (2000b) ‘should be considered more as
an index of diversity than the actual number of taxa’. According
to Magurran (2004), in studies concerning the changes in species
composition along environmental gradients (i.e. beta- or gamma-
diversity), diversity indices that emphasise the number of taxa
(species richness) are more suitable than those that weight other
components of diversity such as the distribution of abundance
within taxa (evenness) or the relatedness of different taxa (dis-
tinctness) (Purvis and Hector, 2000). On the other hand, the cumu-
lative richness per month (Sac) derived from CPR data provides
reasonably estimations of the ‘actual’ number of species (copepod
categories), at least comparable with those obtained by conven-
tional net sampling methods (Fig. 4c). As expected, Sac values fit
a saturating function of the sampled volume (Gotelli and Colwell,
2001). It can be argue to what extent the parameters of the
cies richness per sample (S) and environmental conditions (Chlorophyll, Chl; index of
f days per month with daily average wind speed exceeding 10 m s�1, w10). The linear
nd to all the data pooled (both). Only those years with more than six sampled months
ecessary prior to the estimation of the linear regression (Table 4). n, number of years;

level of the fitted linear function.

a r a

2.00 3.40 ± 1.05 �0.48 0.01
2.42 2.56 ± 1.37 0.17 0.41
1.96 2.67 ± 1.05 �0.05 0.73

0.034 1.62 ± 0.80 0.29 0.12
0.043 2.31 ± 1.16 0.17 0.42
0.025 1.55 ± 0.16 0.40 <0.01

0.35 0.39 ± 0.40 0.62 <0.001
0.20 4.8 ± 3.05 �0.09 0.39
0.05 �0.93 ± 0.65 0.64 <0.001

0.06 2.69 ± 0.78 �0.19 0.06
0.06 4.26 ± 0.41 �0.38 <0.001
0.03 4.49 ± 0.30 �0.69 <0.001



Fig. 6. Geographic variation of the climatological average of S derived from the application of the linear regression fitted to the relationship between the climatological
averages of S and the index of seasonality of phytoplankton standing stock (SPSS) (Fig. 5f, Table 6). The values of the average SPSS index were calculated for each SeaWiFS
pixel (are of 9 � 9 km2). The frame indicates the spatial domain analysed.

Fig. 7. Relationship between the annual anomalies of mean copepod species richness per CPR sample (S) and annual anomalies of the meteo-hydrographic environment for
the CPR Standard Areas along the oceanic latitudinal gradient (B6–F6): (a) sea surface temperature (DSST, �C); (b) absolute values of the anomalies of SST; (c) number of days
per month with wind speed exceeding 10 m s�1 (Dw10, days month�1); (d) absolute values of w10. The lines depict the loess function fitted to the average and to the 1st and
2nd quartiles of the distribution.
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saturating function fitted to the species-samples curves, here a
Michaelis–Menten type, provide meaningful information. We have
shown that both the maximum richness (Sac_max) and the initial
slope (b0) increased equatorward along the latitudinal gradient
(Fig. 4a). However, along the oceanic–neritic gradient b0 displayed
the expected pattern (steeper slope as one moves toward neritic
environments) while Sac_max did not (Fig. 4b). A close inspection
of the relationship between Sac and sampled volume along this gra-
dient shows that this contradictory result could arise from a poor
definition of the accumulation curves, and hence a misfit of the
M–M function, due to the scarcity of samples (as it is the case for
F5), the relatively narrow range of sample volumes (E4 and F4),
or the distribution of samples around two separate centroids (F4,
Sac values around 10 and 40 m3 of sample volume probably owing



Fig. 8. As in Fig. 7 but for the CPR Standard Areas with more neritic features (E4 and F4).
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to the routes taken by the ‘ships of opportunity’ within this CPR
Standard Area) (Richardson et al., 2006). Thus, accumulation
curves could supply valuable information provided that the num-
ber and distribution of species-samples data is appropriate, which
applied to CPR data imply a sufficient number of data and a rela-
tively wide range of sample volumes. The relationship between
Sac and S allow us to infer the ‘actual’ richness from the mean
taxonomic richness per sample. This relationship could be useful
for comparative purposes. For instance, using the relationship
between Sac and S we obtain values of Sac from ca. 10 to 15 along
the oceanic latitudinal gradient. Wood-Walker et al. (2002), using
data from the Atlantic Meridional Transects (AMT), reported for
the Atlantic Ocean an equatorward increment of taxonomic rich-
ness of epipelagic (0–200 m) copepod genera sampled with WP2
of 200 lm mesh-size from ca. 7 to 18 between latitudes 60� and
30� N, which compares reasonably well with the (cumulative)
number of copepod categories sampled by the CPR (Sac).

4.2. Patterns of species richness along latitudinal and oceanic–neritic
gradients

The climatological average of mean taxonomic richness per CPR
sample (S) increases equatorward along the latitudinal gradient
and towards neritic environments along the oceanic–neritic gradi-
ent. Both the slope of the increment along these gradients and the
climatological averages in each of the CPR Standard Areas were
similar to those reported by Beaugrand et al. (2000b) using the
same data source but a different numerical analysis approach.
Equatorward increments in copepod diversity have been also re-
ported by Wood-Walker et al. (2002) and Rombouts et al. (2009).
The latter also analysed the longitudinal variation of diversity
but did not find significant patterns.

Seasonality is a prominent mode of variation in the study region
and has been the focus of numerous investigations in relation to
zooplankton abundance (e.g. Colebrook and Robinson, 1965; Cole-
brook, 1979), autecology (e.g. Hays et al., 1995; Planque and Bat-
ten, 2000), community assemblages (e.g. Colebrook et al., 1961;
Beaugrand et al., 2000a) and diversity (Beaugrand et al., 2001).
The geographic pattern of variation of the seasonality of S is similar
to that inferred by Beaugrand et al. (2000a, 2001). The seasonality
of species richness increases its bi-modal character equatorward,
shaping a single summer peak in boreal latitudes and a main spring
and a secondary autumn peak, with a relative decrease in summer,
in temperate latitudes. The differences between these two seasonal
modes occur between 50� and 55�N (CPR Standard Area D6), which
is in agreement with the transition between the Southeast and
Northern North Atlantic Drift Provinces at 53�N (Beaugrand et al.,
2001). The first peak of diversity takes place progressively earlier
equatorward: between April–May in oceanic temperate latitudes
(F6–E6–D6) and two months later (June–July) in boreal latitudes
(C6–D6). The peak of S is almost coincidental with the spring
bloom of phytoplankton at temperate locations but it is about
1–2 months lagged in boreal latitudes (Fig. 5). Possible explana-
tions for the uncoupling between copepod diversity and phyto-
plankton outburst at boreal latitudes include the effect of
temperature on the growth of copepods (Carlotti et al., 1993),
physical processes (advection and mixed layer depth dynamics)
(Planque et al., 1997) and food availability (Richardson and
Verheye, 1999; Beaugrand et al., 2001).

At temperate latitudes, in both oceanic and neritic environ-
ments, the secondary autumn peak in diversity that occurs around
October is also coupled with the autumn phytoplankton bloom.
This bloom is the result of de-stratification of the water column
and the resulting injection of nutrients into surface waters, thus
relaxing the oligotrophic conditions that prevail during summer
(Nogueira et al., 2006). Along the oceanic–neritic gradient, the var-
iance explained by the seasonal cycle is lower and the timing of
diversity occurs earlier in neritic than in oceanic environments.
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Angel (1997) suggested that in neritic environments, the interac-
tion between the morphology of oceans margins and the variety
of physical processes occurring at the mesoscale leads to a finer-
scaled structuring of the environment that may promote higher
diversity. Mesoscale processes, such as coastal upwelling and asso-
ciated filaments, continental runoff and river plumes, eddies, and
tidal, buoyancy and slope currents, are recurrent features in the
North Iberian shelf and Bay of Biscay areas (F4 and E4)
(Koutsikopoulus and Le Cann, 1995).

Beaugrand et al. (2002b) pointed out a poleward expansion of
warm-water assemblages (southern shelf edge and pseudo-
oceanic temperate species) and a retreat of cold-water
assemblages (cold-temperate and subarctic species) in the North
Atlantic, particularly noticeable in the British Isles and North Sea.
Our analysis revealed significant long-term trends of copepod
diversity, increasing in the northernmost area (B6) between 1991
and 2006 and decreasing in the Bay of Biscay and North Iberian
shelf (E4 and F4) during the period 1958–2006. Close inspection
of the time series of individual taxa for these south-eastern areas
presents some interesting features. The occurrence of several taxa
showed an apparent decreasing tendency, evaluated as the ratio
between the percentages of presence in the first and second halves
of the series (1958–1980 versus 1981–2006). Most of them
belong to warm-temperate (sensu Beaugrand et al., 2002a,b)
(Calocalanus spp., Nannocalanus minor, Pleuromamma abdominalis
and Pleuromamma borealis decreased in both areas) or subtropical
(Lucicutia spp., Eucalanus elongatus and Centropages violaceus
decreased in E4) oceanic species associations. There are also
several species that showed and increasing tendency in both areas
(Calanus finmarchicus, Ctenocalanus vanus and Anomalocera pater-
soni, representatives of subarctic, southern shelf edge and coastal
associations respectively) or only in E4 (Temora stylifera and Eucha-
eta gracilis, representatives of subtropical and southern shelf edge
associations respectively). The fact that the majority of the taxa
involved in the decrease of mean taxonomic richness belong to
warm-temperate and subtropical associations, despite the warm-
ing trend observed in the Bay of Biscay and North Iberian shelf in
the last decades (between 1958 and 2007) (deCastro et al., 2009),
suggest that other factors rather than the direct effect of tempera-
ture need to be considered to explain the observed trends in spe-
cies richness. Changes in the strength of physical processes, such
the intensification of the slope current (Iberian Poleward Current)
in the last two decades (1986–2007) (González-Nuevo and Nogue-
ira, 2005) or the weakening of the intensity of coastal upwelling in
the last four (1965–2006) (Pérez et al., 2010), have been observed
in the Iberian shelf. The observed trends in the intensity of these
physical processes could affect copepod diversity by promoting a
decrease of productivity and a shift in the phytoplankton commu-
nity involving a relative reduction of diatoms and an increase of
dinoflagellates (Álvarez-Salgado et al., 2003; Pérez et al., 2010).

4.3. Underlying factors

The positive latitudinal relationship between temperature and
species richness for an ample number of taxa, both for marine
and terrestrial organisms (e.g. Rohde, 1992; Roy et al., 1998;
Rutherford et al., 1999; Macpherson, 2002; Hillebrand, 2004;
Rombouts et al., 2009), gives support to the species richness–
energy hypothesis (Wright, 1983). According to this hypothesis,
available energy, or one of the multiple surrogate parameters used
for energy, affects richness through the physiological response to
temperature (Willing et al., 2003). Besides the direct effect of
temperature on individual metabolic rates and generation times,
temperature in the pelagic environment is an indicator of physical
processes that may affect diversity. For instance, the variability of
temperature associated to the dynamics of the thermocline, which
exerts a major role on phytoplankton production (Sverdrup, 1953),
could be a proxy for the chemical energy available to fuel second-
ary production (Rombouts et al., 2009). Several authors have found
a negative relationship between stratification and zooplankton
biomass (Roemmich and McGowan, 1995) and diversity (Valdés
and Moral, 1998). The rationale for this negative relationship is
that stratification hampers the surface enrichment of nutrients
from deeper layers, limiting phytoplankton growth and thus the
availability of food for zooplankton. The magnitude and sign of
these relationships, however, may be different depending on the
turbulence-nutrient regime of the region of interest. For instance,
the increase of sea surface temperature (SST) in boreal, turbu-
lent–nutrient-rich cool waters, may promote an increment of phy-
toplankton and zooplankton biomass through the direct effect of
temperature on metabolic rates (Richardson and Schoeman,
2004). In our study, sea surface temperature (SST) and copepod
species richness (S) co-varied along the latitudinal gradient, and
SST is indeed a good predictor of S along this gradient, but not
along the oceanic–neritic gradient (Fig. 5c and g), suggesting that
other factors must be taken into consideration in this case.

The values of S were related at climatological and year-to-year
scales with the index of seasonality of phytoplankton standing
stocks (SPSS index, defined as the ratio between the monthly min-
imum and maximum surface chlorophyll) (Fig. 5b and f). The posi-
tive linear relationship between S and the SPSS index predicts that
‘species richness decreases (and dominance increases) as organic
inputs become more seasonally pulsed’ (Angel, 1997). The ampli-
tude of production cycles decreases equatorward (Longhurst,
1998) (i.e. higher values of the SPSS index); production is almost
continue through the year and primary and secondary production
are closely coupled. This produces a retentive system (i.e. closed
biogeochemical cycles through tight coupling between ecosystem
components) which promotes high diversity (Longhurst and Pauly,
1987). In contrast, production and consumption become increas-
ingly uncoupled poleward promoting lower diversity (Wood-
Walker et al., 2002). The near match between seasonality of S
and Chl at temperate latitudes in contrast with the mismatch at
boreal latitudes (Fig. 5) supports this reasoning and the relevance
of the species richness–productivity hypothesis on the control of
copepod diversity. From the relationship between the climatologi-
cal averages of S and SPSS (Fig. 5f, Table 6) we mapped the distri-
bution of copepod species richness in the North Atlantic (Fig. 6).
Our results show striking similarities with those obtained by Beau-
grand et al. (2000b) taking into account that we have estimated S
from the values of SPSS derived for each SeaWiFS pixel (area of
9 � 9 km2) while those authors estimated the distribution of S
from CPR data on a coarser scale (ca. pixels of 92.6 � 92.6 km2

and a search radius of 463 km). Apart from the main geographic
patterns of S (increment equatorward and towards neritic environ-
ments), Fig. 6 reflects the patchy distribution of diversity in the in-
ter-gyre zone that separates the subpolar and subtropical gyres of
the North Atlantic (oceanic realm between 40 and 45�N) (Pollard
et al., 1996), presumably associated to the high mesoscale activity
in this region. It also highlights hotspots of diversity in the NW Ibe-
rian shelf and in the French shelf and slope, probably linked to con-
tinental runoff and slope fronts (Lazure and Jegou, 1998), and low
diversity in the central part of the Bay of Biscay and mid-shelf of
the French coast, where deep mixed layers and consequently rela-
tively low productivity takes place (Planque et al., 2006). This dis-
tribution of diversity contrasts to the high values reported by
Beaugrand et al., 2000a for the whole Bay of Biscay.

We have obtained unimodal relationships between the annual
residuals (i.e. factoring out the geographic pattern) of S and those
of SST and the number of days per month with daily averaged wind
speed exceeding 10 m s�1 (Figs. 7 and 8). These unimodal relation-
ships point out the role of intermediate disturbances on the control
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of copepod species richness. According to the intermediate distur-
bance hypothesis, diversity increase when disturbances occur at
intermediate frequencies (e.g. Nogueira et al., 2000) or intensity
(Connell, 1978). Richness is maximised at intermediate frequencies
and/or intensity of disturbances because successful competitors
and competitively inferior pioneer species can co-exist; the former
are not competitively excluded by the disturbances and the latter
find opportunities to recover after disturbances. The relationship
between the annual anomalies of S and SST may reflect direct ef-
fects of temperature, favouring those species which are physiolog-
ically better adapted to lower or higher values of SST than the
average for a given location, or indirect through seasonal changes
in the dynamics of the mixed layer or advection. In the case of
w10, the effect of wind is also related with productivity through
its direct role on water column turbulence, and hence productivity
(Huisman et al., 1999).

In conclusion, our results suggest that the environmental
factors interact at different temporal scales to cause the geographic
variation of copepod species richness. Seasonal variation of
productivity co-varied with copepod diversity at climatological,
seasonal (at least for temperate latitudes) and year-to-year time
scales both along the oceanic, latitudinal and the temperate, oce-
anic–neritic gradients, giving support to the species richness–pro-
ductivity hypothesis. Sea surface temperature co-varied with
diversity at the climatological and year-to-year scales along the
latitudinal gradient but not along the oceanic–neritic gradient.
These results are not enough to falsify the applicability of the spe-
cies richness–energy hypothesis in the case of copepod diversity,
but reduce to some extent its generality. Finally, copepod diversity
is maximised at intermediate frequency and/or intensity of meteo-
hydrographic disturbances, which presumably affect productivity
through its role on mixed layer depth (stratification-mixing and
turbulence) and mesoscale dynamics.
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