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1.  INTRODUCTION

Climate has a strong effect on ecosystems and
their associated biodiversity (Richardson & Schoeman
2004, Cloern et al. 2010). The potential influence of
current climate change on ecological systems and
biodiversity requires us to understand how life is ar -
ranged on Earth. Remarkably, and despite decades
of research, there is still no consensus on either the
processes or the mechanisms creating the current
pattern of global biodiversity (Lomolino et al. 2006).
Evidence already exists in the oceans for both de -
terministic (Darlington 1957, Allen et al. 2002, Rom-
bouts et al. 2010) and stochastic influences acting
upon the pattern of biodiversity (Hubbell 2001,
Volkov et al. 2003); although in reality their effects
are both likely to be entangled, with their respective

influences varying in scale, space, and time (Chase &
Myers 2011). Understanding whether even a small
component of marine biodiversity is deterministic
(i.e. induced by the climatic regime) is critical how-
ever, as it will enable us to both theorise and anti -
cipate the implications of climate change on the
space and time distributions of marine ecosystems
and their biodiversity, which is essential for humans.

We developed the MacroEcological Theory on the
Arrangement of Life (METAL) — a model based upon
the premise that there is a large deterministic compo-
nent to the pattern of ocean biodiversity that can be
explained by interactions between a species’ eco -
logical niche (Hutchinson 1957, 1978) and fluctua-
tions in the environmental regime (Beaugrand et al.
2013c, Beaugrand 2015). The concept of the eco -
logical niche is central to METAL, and allows for
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 con sideration of underlying processes (genetic and
physio logical) that are difficult to identify and para-
metrise for a large number of species. At the species
level, we assume that genetic background deter-
mines a species’ physiology and therefore the spe-
cies’ niche, which in turn affects space and time
alterations in species’ abundances (Beaugrand et al.
2014). This does not prevent stochasticity from play-
ing an important role locally, however (Beaugrand et
al. 2013a, Planque 2016). METAL is particularly rele-
vant at organisational levels ranging from species to
biome, since it enables an understanding and predic-
tion of both the individualistic responses of species to
climate change (Beaugrand et al. 2013a) and their
phenology and spatial distribution, including their
phenologic and biogeographic shifts (Beaugrand et
al. 2014). When METAL is applied at the species
level, the prerequisite is to model the species’ niche,
and this can be accomplished through a variety of
methods (Guisan & Thuiller 2005). We have often
used the Non Parametric Probabilistic Ecological
Niche Model (NPPEN), which has the advantage of
modelling the niche from presence-only data (Beau-
grand et al. 2011). The NPPEN model is particularly
applicable in the context of METAL because it is an
ecological niche model (ENM) rather than a species
distribution model (SDM); SDMs cannot be used in
the context of METAL because they primarily focus
on habitat, not niche.

Interactions between niche, climatic, and environ-
mental changes propagate from species to commu-
nity levels, and are detectable from the smallest eco-
systems to the whole ecosphere (Beaugrand et al.
2013c, 2015). Because we have demonstrated that a
species’ responses to environmental change are the
results of interactions between its niche and fluctua-
tions in the environment, we can create pseudo-
 communities comprising pseudo-species that each
have a unique ecological niche (Beaugrand et al.
2013c, Beaugrand 2014). In this way, we can recon-
struct spatial and temporal changes in communities
to investigate spatial and temporal changes in biodi-
versity as well as key ecosystem properties (Beau-
grand 2015, Beaugrand et al. 2015). At the commu-
nity organisational level, METAL explains large-
scale patterns in biodiversity (Beaugrand et al.
2013c) and long-term community shifts (Beaugrand
2014), in cluding abrupt community shifts (also called
regime shifts), and temporal (both past and contem-
porary) changes in biodiversity (Beaugrand et al.
2015). In addition, METAL has provided evidence for
the lack of universality of Rapoport’s rule (Stevens
1989), and has revealed that the mid-domain effect

(Colwell & Lees 2000) may occur in the Euclidean
space of the niche, rather than in geographical space
(Beaugrand et al. 2013c). METAL offers a way to
make testable ecological and biogeographical pre-
dictions to understand how life is organised and how
it responds to global environmental changes, includ-
ing climate change (Beaugrand & Kirby 2010, Beau-
grand et al. 2013a). Although changes in atmospheric
circulation and the associated effects on the structure
and  chemistry of the water column are important for
some planktonic groups (e.g. diatoms) (Margalef
1978, Cermeñno et al. 2008, Alvarez-Fernandez et al.
2012, Alvain et al. 2013), our interests here lie in
understanding how climate affects species through
changes in the regional thermal regime (Aebischer et
al. 1990, Planque & Fredou 1999, Petchey et al. 2010,
Woodward et al. 2010).

In this study, we apply METAL with a stochastic
component included for the first time in order to
explain the apparent inconsistency in the indivi -
dual responses of some species to climate-induced
changes in temperature in both time and space. We
test our theoretical predictions against data from the
Continuous Plankton Recorder (CPR) survey for the
well-known marine subarctic zooplankton species
Calanus finmarchicus. C. finmarchicus has the ad -
vantage that it is only marginally influenced by
human activities, and so its year-to-year response to
temperature change is unperturbed by confounding
factors such as fishing, pollution and habitat destruc-
tion. As a member of the plankton, C. finmarchicus is
also likely to be in rapid equilibrium with the climatic
regime, as its dispersal is unlimited by geographic
barriers, in contrast to benthic species.

Our results indicate 3 different types of species
response to regional temperature change (Planque &
Fredou 1999, Beaugrand et al. 2014): (1) no response
(i.e. random variability), (2) a negative response, and
(3) a positive response. When all 3 responses are
observed for the same species but in different loca-
tions or time periods, it may explain why scientists,
policymakers, practitioners and stakeholders, or the
general public may question the implications of cli-
mate-induced changes in temperature on species, or
why they may misinterpret its effects. Consequently,
our results show how apparent inconsistencies can
be understood when the interaction between the spe-
cies’ ecological niche (here the thermal niche) and
the climatic regime are considered together. We also
show where, when, and how stochasticity influences
the deterministic signal. The stochastic component
may represent (1) a neutral process such as those
considered in the unified neutral theory of biodiver-
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sity and biogeography, UNTBB (Hubbell 2001) (e.g.
random demographic and dispersal processes), (2)
stochasticity related to our ignorance about species
inter actions or the lack of consideration of an ecolog-
ical dimension of the niche, (3) stochasticity due to
the noise associated with sampling, and (4) stochas-
ticity related to the unpredictability of some events
(Planque 2016).

2.  MATERIALS AND METHODS

2.1.  Environmental data

Monthly sea surface temperatures (SSTs) were
obtained from the ERSST_V3 dataset (1958−2009).
This dataset is derived from a reanalysis based on the
most recently available International Comprehensive
Ocean−Atmosphere Data Set (ICOADS). Improved
statistical methods have been applied to produce a
stable monthly reconstruction on a 1 × 1° spatial grid,
based on sparse data (Smith et al. 2008).

We used the photosynthetically active radiation
(PAR; E m−2 d−1), solar radiation spectrum in the
wavelength range of 400−700 nm as a proxy for the
level of energy that can be assimilated by photo -
synthetic organisms (Asrar et al. 1989). PAR regu-
lates both the composition and the evolution of
 marine ecosystems, influencing the growth of phyto-
plankton and in turn, the development of zooplank-
ton and fish. Data were provided by the GIOVANNI

online data system, developed and maintained by
the NASA GES DISC (http://gdata1.sci.gsfc.nasa.
gov/ daac-bin/G3/gui.cgi?instance_id=ocean_ month).
A monthly climatology of PAR at a spatial resolution
of 9 km was carried out by compiling data from the
Sea-viewing Wide Field-of-view Sensor (SeaWiFS)
from September 1997 to December 2010.

Bathymetry data originated from the General
Bathy metric Chart of the Oceans (GEBCO) database.
All environmental data were interpolated on a global
grid of 1° longitude × 1° latitude using the inverse
squared distance method (Beaugrand et al. 2000).

Monthly climatology data of upper ocean chloro-
phyll a (chl a) concentration were retrieved and cal-
culated from the satellite SeaWiFS on a grid of 1° lon-
gitude × 1° latitude.

2.2.  Biological data

Data on Calanus finmarchicus originated from the
CPR survey (Reid et al. 2003a). Abundance (A) data

were standardised between 0 and 1 using the follow-
ing transformation:

A* = A − min(A) / [max(A) − min(A)] (1)

2.3.  Analyses

2.3.1.  Theoretical abundance of C. finmarchicus

The deterministic model of C. finmarchicus was
based on the NPPEN model (Beaugrand et al. 2011)
applied on 4 environmental parameters at a monthly
scale (Beaugrand et al. 2014). This technique is based
on the generalised Mahalanobis distance and a sim-
plified version of a non-parametric test called the mul-
tiple response permutation procedure (MRPP). This
numerical tool is not correlative and tests the potential
of a given spatial environment to accommodate a spe-
cies by comparison to a niche-space reference matrix
(i.e. n-dimensional environmental matrix within which
the species is present). The NPPEN model has been
used on benthic organisms, zooplankton, and fish
(Beaugrand et al. 2011, Lenoir et al. 2011, Reygondeau
& Beaugrand 2011, Rombouts et al. 2012, Chaalali et
al. 2013, Raybaud et al. 2013, Fromentin et al. 2014) to
characterise the state and variability of coastal
systems (Goberville et al. 2011a,b), to identify biogeo-
chemical provinces (Reygondeau et al. 2013), and in
the terrestrial realm on trees (Goberville et al. 2015).
This method is particularly well suited as part of
METAL because the technique first models a species’
niche, in contrast to SDMs where the focus is on the
species’ spatial distribution. In addition, the presence-
only method is well adapted to the marine realm
where it is difficult to know if the absence of a species
is real or attributable to insufficient sampling.

The theoretical abundance of C. finmarchicus was
assessed from 4 environmental parameters: monthly
SSTs (1958−2009), bathymetry, and climatology of
monthly chl a concentration and PAR. The niche was
therefore 4-dimensional, but only annual SSTs varied
on a year-to-year basis. Both chl a concentration and
PAR were important to reconstruct the seasonal and
spatial patterns of species distributions, and bathy -
metry was important for reducing the theoretical
abundance of C. finmarchicus in shallow regions.
More details on the model can be found in Beau-
grand et al. (2014). Theoretical abundances were cal-
culated for 15 areas that were chosen to cover a ther-
mal niche from ~0−16°C (annual SSTs). In addition, a
random noise was included, corresponding to 20% of
the theoretical abundance, standardised between 0
and 1. This level of random noise was determined by
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trial and error and was included to investigate the
effect of sampling noise (e.g. error on abundance
estimation, volume of seawater filtered by a sampler,
uncontrolled processes and lack of an ecological
dimension) on the theoretical biological responses to
climate change. After the inclusion of the 20% noise
(10% above and below theoretical values), theoreti-
cal abundances were standardised between 0 and 1
using Eq. (1). Prior to this transformation, abun-
dances <0 or >1 were fixed to 0 or 1.

These calculations were first made in 4 areas of the
North Atlantic Ocean to correspond to distinct ther-
mal regimes located along 3 remarkable points along
the species thermal niche. Those points (Fig. 1),
defined in Beaugrand (2012), represent (1) the opti-
mal temperature zone (Topt), which is the region
between the points (Ts) where both reproduction and
growth are maximal and variability in species abun-
dance as a function of temperature is low; (2) points
of high variability (THV; warm and cold sides), around
which sensitivity to temperature is highest; and (3)
the limit of temperature detection (TD; warm side),
which is the threshold from where temperature
effects are unlikely to be detected in the field be -
cause the species’ thermal sensitivity becomes too
small compared to stochasticity (Beaugrand 2012).

The first 4 areas we selected to examine the ex -
pected long-term patterns in abundance of C. fin-
marchicus were (1) East Atlantic Basin (47.5° N,
10.5°W), corresponding approximately to point TD on
the niche (Fig. 1), (2) East Labrador Sea (58.5° N,
46.5°W), corresponding to point Topt, (3) West La -
brador Sea (64.5° N, 60.5°W), corresponding to point
THV on the left (cold) side of the niche, and (4) Reyk-
janes Ridge (60.5° N, 30.5°W), corresponding to point
THV on the right (warm) side of the niche (see Fig. 2).

2.3.2.  Annual relationship between predicted and
observed abundance (1958−2009) in the niche space

To investigate the large-scale relationships be -
tween the predicted and observed abundance of C.
finmarchicus along its thermal niche, 11 other areas
were selected: (5) 56.5° N, 4.5° E, (6) 60.5° N, 2.5° E,
(7) 56.5° N, 46.5°W, (8) 50.5° N, 10.5°W, (9) 55.5° N,
20.5°W, (10) 60.5° N, 40.5°W, (11) 60.5° N, 36.5°W,
(12) 60.5° N, 60.5°W, (13) 60.5° N, 15.5°W, (14)
44.5° N, 2.5°W, and (15) 55.5° N, 20.5°W. Site selec-
tion was chosen to cover a thermal niche between
~0−16°C. Relationships were investigated using the
deterministic and mixed deterministic/stochastic
models (see Fig. 3).

2.3.3.  Long-term changes in theoretical versus
observed abundance (1958−2009)

Relationships between predicted (with no stochas-
ticity) and observed abundance of C. finmarchicus
were investigated in 3 regions of the North Atlantic
(see Fig. 4). These regions corresponded only to the
warm side of the copepod’s thermal niche since no
data were available for the left, cooler side. The 3 re -
gions were (1) the North Sea (51.5−58.5° N, 3.5−
8.5° E), with an average annual SST of 10.37°C; rang-
ing from 9.09−11.48°C; (2) the Northeast Atlantic
(47.5− 55.5° N, 13.5−5.5°W) (average annual SST =
12.67°C; 11.87−13.44°C); and (3) Subarctic Gyre
(50.5−55.5° N, 45.5−30.5°W) (average annual SST =
8.99°C; 8.03− 10.17°C). These regions were charac-
terised by a high density of CPR samples to minimise
the number of missing years when observed annual
abundance was calculated.

2.3.4.  Correlation analyses

When a linear correlation was calculated on time
series we also determined the autocorrelation func-
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Fig. 1. Thermal niche (bottom curve) and the associated the-
oretical response (top curve) of a hypothetical species to cli-
mate-induced changes in temperature. The optimal part
(Topt) of the thermal niche corresponds to the centre of the
species’ distributional range and is associated with low year-
to-year variability. The bimodal distribution of the year-to-
year variability exhibits a maximal variability (Vmax) corre-
sponding to the greatest slopes (areas of high variability;
THV) of the thermal niche. TD: the threshold from where tem-
perature effects are unlikely to be detected because the spe-
cies’ thermal sensitivity becomes too small; TL: the tempera-
tures below (towards the northern part of the distributional
range) and above (towards the southern part of the distribu-
tional range) which temperatures become lethal. Grey ar-
eas: the region where the response of the species to climate-
induced temperature changes is expected to be strong. 

Simplified from Beaugrand (2012)



Beaugrand & Kirby: Marine species and climate change

tion (ACF) to allow an adjustment of the actual
degrees of freedom to assess the probability of signif-
icance of correlations more correctly (Pyper & Peter-
man 1998); this probability was termed pACF.

3.  RESULTS

3.1.  Theoretical examples

Expected year-to-year changes in the abundance
of Calanus finmarchicus around TD (i.e. the East

Atlantic Basin) exhibited a small reduction, mainly
prominent after the end of the 1980s when major
changes were reported in the Northeast Atlantic
(Beaugrand & Reid 2003) (Fig. 2a). Here, the rela-
tionship with temperature was negative (Fig. 2a; r =
−0.90; pACF < 0.05). When random noise was added
to the model (Fig. 2a), both the long-term signal and
the relationship with annual SSTs disappeared (r =
−0.28; pACF > 0.05). This (expected) strong reduction
in  correlation when stochasticity was included in
the model is explained by the low abundance level
(low potential amplitude in the abundance; i.e.
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between ~0 and ~0.2) that is readily influenced by
stochasti city; here, the amplitude of stochastic vari-
ability equals the amplitude of deterministic fluctu-
ations.

At the optimal part of the niche, between TS points
(i.e. the East Labrador Sea), there was no long-term
change and no relationship with temperature either
without (r = 0.09; pACF > 0.05) or with (r = −0.18; pACF >
0.05) stochasticity (Fig. 2b); here, the amplitude of
stochastic variability is higher than the range of

deterministic fluctuations. On the left
(cold) side of the thermal niche (i.e. West
Labrador Sea), year-to-year changes ex -
hibit pseudo-cyclical variability, and a pos-
itive relationship with temperature is
expected without (r = 0.94; pACF < 0.05; in
red) or with (r = 0.49; pACF < 0.05; in blue) a
20% random noise. The opposite is antici-
pated on the right (warm) side of the niche
(Reykjanes Ridge) and a negative relation-
ship with temperature is expected without
(r = −0.97; pACF < 0.05) or with (r = −0.74;
pACF < 0.05) random noise. In the last 2
cases, the amplitude of stochastic variabil-
ity is lower than the amplitude of determin-
istic fluctuations.

3.2.  Theoretical versus observed abun-
dance in the niche space

Year-to-year changes in the expected
abundance of C. finmarchicus calculated
for the 11 additional areas and the result-
ing year-to-year changes of the 15 areas
(including the 4 previous ones) were repre-
sented as a function of annual SSTs with-
out (Fig. 3a) and with (Fig. 3b) a 20% ran-
dom noise. Observed abundances of C.
finmarchicus from the CPR survey were
also superimposed where estimations were
available (see ‘Materials and methods’).
Expected and observed standardized
abundances (between 0 and 1) were highly
positively correlated without (r = 0.73; p <
0.05, n = 420) and with random noise (r =
0.69; p < 0.05, n = 420).

3.3.  Theoretical versus observed long-
term changes in abundance

As there was no biological data available
corresponding to the thermal regime located on the
left side of the copepod’s thermal niche (see Fig. 3),
the local relationships between the expected and ob -
served abundance of C. finmarchicus were investi-
gated in the North Sea, the Northeast Atlantic, and
the Subarctic Gyre. All correlations were significant
at pACF ≤ 0.05 after accounting for temporal auto -
correlation: r = 0.51 in the North Sea, r = 0.55 in the
Northeast Atlantic and r = 0.47 in the Subarctic Gyre
(Fig. 4).
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4.  DISCUSSION

Godfray & May (2014, p. 1) argued that ‘per-
haps the key question in ecology today is the
degree to which the dynamics of ecological
communities are comprehensible’. Determin-
ism should not be op posed to stochasticity, and
in all biological and ecological systems, fluctua-
tions in space and time have concurrent, deter-
ministic, and stochastic components (Lande et
al. 2003). Perhaps the unanswered question is
when, where, and by how much is the deter-
ministic signal more important than the sto-
chastic signal, and vice versa. Our re sults sug-
gest that regional species’ respon ses to
climate-mediated changes in temperature are
quasi-deterministic, conditioned by the interac-
tion between the local thermal regime and the
species’ thermal niche. Significant correlations
between expected and observed chan ges in the
abundance of Calanus finmarchicus varied
between 0.47 for the Subarctic Gyre and 0.55
for the Northeast Atlan tic. At a first glance,
these values may seem low, despite being sig-
nificant. However, the values are close to the
range of correlation values calculated be tween
theoretical abundance and observed annual
SSTs (0.49−0.76) when a 20% random noise
was included (see Fig. 2c,d; |r| = 0.49 for the
west Labrador Sea and |r| = 0.76 for the Reyk-
janes Ridge). Empirical correlations generally
observed for this species and for data collected
from the CPR survey are rarely higher than 0.7
and are most often between 0.5 and 0.6
(Planque & Reid 1998, Beaugrand 2003, Reid et
al. 2003b, Helaouët et al. 2011, 2016).

We found that long-term, local changes in the
abundance of C. finmarchicus were well
explained by the species’ 4-dimensional eco-
logical niche and the thermal regime of each
region. For example, a stepwise change was
detected in both expected and observed abun-
dance of C. finmarchicus in the Northeast
Atlantic and the North Sea at the end of the
1980s, and in the Northeast Atlantic, the North
Sea, and the Subarctic Gyre at the end of the

123

Fig. 4. Long-term expected (black) and observed (red)
changes in the abundance of Calanus finmarchicus in
3 regions of the North Atlantic: (a) North Sea, (b) 

Northeast Atlantic, and (c) Subarctic Gyre

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

a) North Sea (51.5–58.5°N, 3.5–8.5°E) 

b) North-east Atlantic (47.5–55.5°N, 13.5–5.5°W) 

c) Subarctic Gyre (50.5–55.5°N, 45.5–30.5°W) 

1960 1990 200019801970

1960 1990 200019801970

1960 1990 200019801970

A
b

un
d

an
ce



Clim Res 69: 117–128, 2016

1990s (Fig. 4). The timing of all these shifts was simi-
lar to those already identified and attributed to cli-
mate effects in these 3 regions (Reid et al. 2001,
Hatun et al. 2009, Alvarez-Fernandez et al. 2012,
Beaugrand et al. 2013b). We have used the term
‘quasi-deterministic’ because while the deterministic
signal is generally prominent in the present study
(Figs. 3 & 4), it can partially (and temporarily) be
obscured by a stochastic component at a local scale
(Fig. 2). This is also the case at a higher organisa-
tional level, where biodiversity is determined largely
by the interaction between the species’ niche and
fluctuations in the environmental regime (Beaugrand
et al. 2013c, 2015), even although locally, the influ-
ence of stochasticity may be pronounced. Our study
provides an idea of the magnitude of stochasticity
versus determinism for C. finmarchicus in the North
Atlantic and from data sampled from the CPR survey.
In our study, the noise was fixed at 20%, which tends
to be close to our empirical expectations (Helaouët et
al. 2013). However, we caution that more studies
should be conducted to provide a better idea of the
range of stochasticity versus determinism, and also
that stochasticity is likely to vary among systems,
spatial and temporal scales, species (depending on
life history traits such as body size, dispersal capabil-
ities and reproduction strategies) (Li 2002, Forster et
al. 2012), and sampling programmes (Helaouët et al.
2016).

There are 4 different types of putative stochastic
components in our study. (1) The first encompasses
neutral processes such as those considered in the
UNTBB (Hubbell 2001); i.e. random demographic
and dispersal processes (e.g. chance colonisation)
(Gaston & Chown 2005). Despite implicitly assuming
that all species have the same ecological niche, the
UNTBB can produce some macroecological patterns
that are observed in the field (Volkov et al. 2003, Cot-
tenie 2005). Nevertheless, if our stochastic compo-
nent incorporates this effect it does not seem to
explain much of the variance in our test using C. fin-
marchicus; this would agree with Cottenie (2005),
who found that neutral processes fully structured
natural communities in only 8% of cases. Although
Cottenie (2005) found that the lack of consideration
of neutral processes would result in missing impor-
tant patterns in 37% of all studies, community struc-
ture was ex plained by environmental and spatial
variables in 50% of the cases. (2) The second type of
stochasticity is related to varied, small-scale (uncon-
trolled) proces ses such as species interactions that
are difficult to estimate in time and space (we con-
sider these to be a source of randomness), and failure

to consider the full ecological dimensions of the
niche. The latter, while it does not seem to have a
strong influence on C. finmarchicus (Figs. 3 & 4) — an
animal that lives in an environment with few ecolog-
ical dimensions and at a large spatial scale (Fig. 3) —
it may, we caution, be more prominent in the benthic
or terrestrial realms where the number of ecological
dimensions typically increases (Lomolino et al. 2006).
(3) The third type of stochasticity is that related to the
noise associated with sampling (e.g. errors in abun-
dance estimations of C. finmarchicus or in the vol-
ume of seawater filtered by the CPR) (Jonas et al.
2004). The fact that theoretical predictions fit well
with field observations suggest that sampling noise
had only a weak effect in our study, a result recently
found for the same copepod species when using data
from the CPR survey (Helaouët et al. 2016). (4) The
fourth type of stochasticity is related to the unpre-
dictability of some events and environmental pertur-
bations (Planque 2016).

Overall, the importance of stochasticity will de -
pend upon both the position of the local average ther-
mal regime along the niche, and the strength of the
deterministic signal (i.e. the magnitude of local tem-
perature change or exposure to climate change;
Beaugrand et al. 2015). As suggested by Schwartz-
man & Lineweaver (2005), determinism is likely to
fade at smaller spatial scales because the ratio of sto-
chasticity:determinism increases when the spatial
scale decreases. For example, our results indicate
that stochasticity affects the climatic signal less at a
macro scale than at a local scale (Fig. 3 vs. Fig. 4),
which explains the success of macroecology (Brown
1995, Gaston & Blackburn 2000). However, our study
also shows that the degree to which determinism
fades depends upon the position of the mean thermal
regime (and its variability) along the niche (Figs. 1 &
3). For example, towards the outer limits of the niche
(i.e. outside TD) the deterministic signal is so highly
sensitive to stochasticity that it is impossible to
detect in practice; this is likely influenced by demo-
graphic stochasticity (the processes considered in the
UNTBB), which tends to increase when populations
are smaller (Lande et al. 2003). At the centre of the
thermal niche, there should be no trend in abun-
dance or any significant correlation between abun-
dance and temperature (Fig. 1). This absence of
trend or correlation here is more attributable to the
deterministic signal than stochasticity because when
populations are large the influence of demographic
stochasticity is small (Lande et al. 2003). A positive or
negative correlation between abundance and tem-
perature is only likely to emerge in areas where the
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thermal regime is close to either the cold or the warm
edge of the niche around THV. Of course, the magni-
tude of all correlations between temperature and
abundance depends on both the noise associated
with sampling and any other processes operating at
smaller spatial scales, lacking secondary ecological
dimensions in the model or unpredictable environ-
mental fluctuations. This means that the position of
TD along the thermal niche will vary according to the
strength of all sources of stochasticity and so it may
be neither symmetrical around Topt nor constant
along the niche space; this would particularly be the
case if the niche was asymmetric (Ter Braak 1996).

Because all species have an ecological niche with
different degrees of thermophily and eurythermy,
their abundance should (except for extreme eury-
therms) either demonstrate a nil, a negative, or a pos-
itive response to changes in the thermal regime
across their distributional range, irrespective of
whether the niche shape is Gaussian (Hutchinson
1978) or asymmetric (Ter Braak 1996). In addition, a
nil, positive, or negative response may also be ob -
served at the same location at a different time, de -
pending on the time scale investigated and/or the
magnitude of climate-induced changes in tempera-
ture. Our results therefore suggest that long-term ob -
served stationarity in species abundance at any place
does not guarantee that future climate-mediated
changes in temperature will not affect their local
abundance. The same applies to an absence of corre-
lation between abundance and temperature; how-
ever, such a pattern does not mean that temperature
is not a major factor determining a species’ abun-
dance. At some level of thermal warming, long-term
stationarity in abundance may fade so that the abun-
dance of a species may start to exhibit substantial
changes (increasing or decreasing trend). For exam-
ple, changes in temperature may become correlated
with changes in abundance. Such changes may take
place if the thermal regime located previously be -
tween the 2 TS points moves to between TS and THV

(i.e. movement from the ‘no change’ to the ‘negative
change’ zone of the niche), or similarly, if it moves
from TD to THV (from the ‘no change’ to the ‘positive
change’ zone). Our theory therefore offers a way to
predict such apparently surprising ecological out-
comes. In the case of a key structural or an engineer
species, such alterations may ramify subsequently,
through the entire food web, to trigger cascading
effects or trophic amplification (Cury et al. 2003,
Kirby & Beaugrand 2009), which may then trigger an
abrupt ecosystem or regime shift (Scheffer 2009).
Such alterations may in turn affect trophodynamics,

system properties, and the balance of the entire eco-
system (Petchey et al. 2010, Woodward et al. 2010,
Yvon-Durocher et al. 2010). Conversely, if the ther-
mal regime moves either from THV (cold side) to TS or
from THV (warm side) to TD, the strong past regional
dependence of species abundance on temperature
may diminish, and eventually disappear fully (Beau-
grand 2012). This may already have happened for C.
finmarchicus in the North Sea (Beaugrand 2012),
where the abundance of the Subarctic copepod,
which had been strongly negatively correlated with
temperature changes, became unrelated to tempera-
ture (Kimmel & Hameed 2008, Beaugrand 2012). It is
salient to note that this uncoupling occurred just
before an abrupt community shift at the end of the
1980s that extended from the benthos to the pelagos
and even to sea birds (Kirby et al. 2009, Luczak et al.
2012). Although this change in the type of relation-
ships between temperature and the copepod
appeared quite surprising at that time (Planque &
Reid 1998, Beaugrand 2012), such non-linearities, so
symptomatic of complex adaptive systems (Kump et
al. 2004), are logically explained when the interac-
tion between the thermal regime and the niche is
considered.

Many researchers have argued that randomness
may be the rule rather than the exception in ecologi-
cal systems (Colwell & Lees 2000, Hubbell 2001), and
as a result, others have questioned whether it is even
possible to make ecological predictions (Boero et al.
2004, Planque 2016). Determinism seems perceptible
in many fields of research, however. Einstein argued
notably that ‘the most incomprehensible thing about
the universe is that it is comprehensible’ (Godfray &
May 2014, p. 1). Schwartzman & Lineweaver (2005)
proposed that the Earth’s ecosphere has evolved
almost deterministically as a self-regulating system,
arguing that temperature has constrained each major
biological advance (such as the appearance of cyano-
bacteria; oxygenic photosynthesis), because organ-
isms operate within thermal limits that are fixed by
their physiology. Wächtershäuser (1998) also sug-
gested that both biogenesis and microbial evolution
advanced in a deterministic way from hyperther-
mophiles to mesophiles because the phylogenetic
distance of some organisms (Archaea, Bacteria and
Eukarya) from the last common ancestor (LCA) is
correlated with maximum growth temperatures
(Wächtershäuser 1998). The METAL concept we de -
veloped suggests that the arrangement of biodiver-
sity on Earth in space and time is strongly deter-
mined by the interaction between the species’
ecological niche and the local environmental regime
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(Beaugrand 2015). The genetic background of spe-
cies sets up their physiology, which determines their
ecological niche (Helaouët & Beaugrand 2009). Tests
of our theory have provided evidence that the ther-
mal dimension of the niche is relevant in the marine
pelagic domain (Beaugrand et al. 2013c, 2014, 2015,
Beaugrand 2014). Other theories, such as the meta-
bolic theory of ecology (MTE; Brown et al. 2004), also
suggest that biological processes and ecological
pheno mena are controlled by temperature. However,
despite being debated (Rombouts et al. 2011), the
MTE is rarely challenged on the importance it at -
taches to the role of temperature for biological and
ecological processes.

Our study shows that the responses of species to
climate change are intelligible, i.e. they have a
strong deterministic component. This result is impor-
tant because it suggests that the effects of tempera-
ture, and climate-induced changes in temperature in
particular, can be theorised and understood, and this
is important since it may allow us to anticipate the
potential implications of global climate change on
ecosystems and their biodiversity (Beaugrand et al.
2015). By showing that determinism and stochasticity
are intertwined, we reveal how they may act in con-
cert at both regional and local spatial scales. Local
departures from long-term equilibria of a species
resulting from deterministic (expected) changes may
therefore provide a quantification of the stochasticity
component throughout the entire distributional
range of a species. We think it is fair to suggest that
such findings may be generalized to all marine and
terrestrial species, although it may be more difficult
to establish a link between theory and observations
in other systems, where additional confounding fac-
tors such as life-history strategies (longevity, disper-
sal), habitat heterogeneity, and the effects of human
activities are likely to obscure the relationships.
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