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ABSTRACT

Modelling responses to climate change assumes zooplankton populations remain similar over time with little adaptation (niche
conservatism). Oceanic barriers, genetic, phenotypic variation and species interactions in cosmopolitan species could drive niche
divergence within species. We assess niche divergence among 223 globally distributed species across the seven main ocean ba-
sins. There were 357 diverged niches out of 828 ocean basin comparisons. The proportion of diverged niches varied both across
and within phyla. Copepoda (156 of 223 species) were used to test for niche divergence between same-species populations across

different environmental gradients. Global niche divergence was found to be more likely for species in colder temperatures and

nearshore environments. Opposing temperature responses were found for four comparisons, which may relate to the different
connectivity patterns between them. This study demonstrates adaptive potential across environmental-niche gradients, which
must be considered when modelling population responses to climate change.

1 | Introduction

Niche conservatism is the tendency for closely related species
and clades to retain their ecological niche and traits over time
(Wiens et al. 2010). A species’ ecological niche is expected
to change slowly so that species retain their ancestral traits
(Wiens and Graham 2005; Wiens et al. 2010) remaining con-
stant over thousands of years across a range of environments
(Peterson 2011). The concept of niche conservatism has received
attention recently due to its potential role in a wide range of eco-
logical questions, including climate change responses (Pearman
et al. 2008; Wiens et al. 2010), invasive species (Petitpierre
et al. 2012) and causes of the global latitudinal diversity gradi-
ent (Romdal et al. 2013). In contrast, niches of closely related
taxa may be more dissimilar than expected by chance and have
therefore diverged (Hua and Wiens 2010). Evidence supporting

niche divergence or conservatism appears to be mixed; however,
evidence of either hypothesis appears to be a consequence of the
resolution, both spatial and temporal, that is used in the analy-
sis (Hu et al. 2015). Areas that have a greater heterogeneity in
climate and habitat have a greater potential to promote niche di-
vergence (da Silva et al. 2020). Here, we evaluate the likelihood
of niche divergence for hundreds of zooplankton taxa by com-
paring their biogeographical distribution across ocean basins.

It is important to first consider what the ‘niche’ is in this context
due to the broad range of definitions in use (Soberén and Peterson
2020). The ‘Grinellian’ niche defines the non-interacting envi-
ronmental conditions at broader scales that are more readily
available for niche modelling (Soberén 2007). In contrast, the
‘Eltonian’ niche is a resource-based interpretation of the niche
where biotic interactions influence the niche but are more
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difficult to define (Soberén 2007). The advent of satellite mea-
surements allows for resource-based proxies to be incorporated
(e.g., chlorophyll-a) along with environmental or abiotic vari-
ables at similar scales. Combining both variable types allows us
to view the realised ‘niche’ sensu Hutchinson (1957) which is an
n-dimensional hypervolume that defines the range of environ-
mental conditions and biotic interactions that allow a species to
grow, reproduce, and persist. We use here the Hutchinson defi-
nition of the realised ‘niche’ as it provides more information on
the modes of niche conservatism (McCormack et al. 2010) and
facilitates the understanding of niche conservatism (divergence)
across environmental gradients (Colwell and Rangel 2009).

While evidence for or against niche conservatism has focused on
terrestrial organisms, much less is known for pelagic organisms
including zooplankton. The long-held opinion has been that due
to their large population sizes and means for high dispersal,
the genetic structure between populations remains relatively
mixed (Norris 2000). While early studies appeared to reinforce
this finding, they were often concentrated on populations sep-
arated by short open-ocean distances (e.g., Jarman et al. 2002).
Subsequent studies on the population genetic structure have
begun to explore the genetic differentiation of species with cir-
cumglobal distribution. These studies show that there are limita-
tions to gene flow with genetic differentiation observed between
populations across a broad range of zooplankton groups includ-
ing Chaetognatha (Peijnenburg et al. 2006), Cnidaria (Dawson
and Jacobs 2001), Pteropoda (Burridge et al. 2019) and Copepoda
(Goetze 2003). Although significant genetic variation can occur
across shorter distances, particularly in the presence of extreme
environmental gradients (Gonzalez et al. 2020), populations
appear more stable within an ocean basin (Provan et al. 2009)
with significant variation observed between basins (Goetze and
Ohman 2010; Hirai et al. 2015). A strong genetic barrier appears
to separate the North and South Atlantic at the equator (Hirai
et al. 2015; Goetze et al. 2017) while another appears to occur
between the Indian Ocean and Pacific Ocean (Goetze 2011). The
findings suggest that large population numbers and short gener-
ation times result in relatively high adaptive potential of marine
zooplankton which could manifest on ecologically meaning-
ful timescales (Peijnenburg and Goetze 2013). Significant ge-
netic variation between populations does not always equate to
niche divergence. Though genetically distinct populations of
Pleuromamma xiphias were found to have different thermal
ranges (Goetze 2011), the pteropod Cuvierina sp. showed that
genetic differentiation does not always imply niche divergence
(Burridge et al. 2015). It appears niche conservatism is likely
driven by several interacting forces that include both genetic
variation and competitive interactions within the community
(Chivers et al. 2017; McGinty et al. 2021).

Niche conservatism has important implications for how zoo-
plankton will respond to the changing climate. Marine zoo-
plankton have been identified as sentinels of climate change
due to their short generation times and, as ectotherms, much
of their vital life history traits are tightly coupled to changes in
ocean temperature (Dam 2013). As a result, zooplankton have
responded rapidly to changes in ocean temperature by shifting
their distribution to track their thermal niche. Zooplankton have
been shown to shift their distribution in response to increasing
temperatures by shifting polewards (Beaugrand et al. 2002;

Villarino et al. 2015). Localised responses of zooplankton to in-
creasing temperatures have led to shifts in the phenology and
timing of their life history (Schlueter et al. 2010). The ability for
zooplankton species to actively track their ideal thermal niche
rests on the tendency of zooplankton species to maintain niche
conservatism with little adaptation (Beaugrand et al. 2014;
Benedetti et al. 2021). Moreover, a species is also assumed to
respond similarly to changing environmental conditions across
its natural distributional range (Smith et al. 2019). The evidence
that zooplankton are capable of rapid adaptive and evolutionary
responses means that a species might consist of cryptic species
complexes or locally adapted populations with varied responses
(Peijnenburg and Goetze 2013). Given the fact that much of
our understanding of zooplankton dynamics relies on the vast
historical databases of morphologically identified species that
could miss the local adaptation of populations within some spe-
cies (Blanco-Bercial et al. 2011), it is important that we under-
stand what factors might facilitate or constrain niche divergence
and the relevant spatial and temporal scales (Choo et al. 2023).

2 | Materials and Methods

For brevity, we present an overview of the main methodolog-
ical processes in this section but refer the reader to (Note S1)
which provides expanded detail and information on the work-
flow. Figure 1 summarises the processes and framework used in
constructing the niche divergence analysis across ocean basins.
All analyses were performed using the R programming environ-
ment, and the packages used are referenced in the appropriate
sections.

2.1 | Zooplankton Data

Zooplankton occurrence data were sourced from the “Zoobase”
database (Benedetti et al. 2021), which compiles observations
from different repositories for main zooplankton taxonomic
groups that comprise the majority of meso-zooplankton biomass
globally. To reduce potential sampling bias, data underwent
spatial filtering according to Benedetti et al. (2023), limiting oc-
currences to those collected from the upper 200m of the ocean.
Data were then thinned to retain a single observation per 0.5°
grid cell per month, aiming to reduce redundancy in highly sam-
pled areas. Species with at least 50 observations in a minimum
of two ocean basins were included in the niche divergence anal-
ysis. This resulted in 267 species with sufficient occurrences,
yielding 789,231 unique observations for subsequent modelling
(Figure S1).

2.2 | Environmental Variables Selection

The selection of environmental predictors involved identifying
biotic and abiotic variables with demonstrated influence on zoo-
plankton distribution, whether by direct effects on metabolism
(e.g., temperature) or indirect proxies for food availability (e.g.,
chlorophyll-a). Candidate variables included temperature (°C),
salinity, nitrate, dissolved oxygen concentration, mixed layer
depth (MLD), wind stress, chlorophyll-a, and bathymetric depth
(Table S1). These variables were extracted using the R packages
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FIGURE 1 | The workflow outlining the process for estimating niche divergence of species occurrences in different ocean basins. (A) The de-

lineation of the seven ocean boundaries used for the paired area comparisons (Arctic Ocean =AR, Indian Ocean =10, North Atlantic=NA, North
Pacific=NP, South Atlantic=SA, South Pacific=SP, Southern Ocean =SO). (B) Construct global ENM ensemble for all species: Step 2—Calculate
niche overlap (D) of two populations of the same species in two paired areas. (C) Estimating niche overlap and background similarity between paired

area observations by generating 100 null model replicates. Evidence of niche divergence is validated by a principal component analysis if niche diver-

gence is evident. (D) Paired area comparisons for Copepoda are assessed for potential signals in niche divergence using a hierarchical GAM.

raster and ncdf4 and integrated into monthly climatologies on
a 1° grid resolution. Temperature, salinity, nitrates, and dissolved
oxygen concentration were averaged across the upper 200m, while
monthly wind stress data with 0.25° resolution were obtained from
the Aviso dataset, representing sub-mesoscale dynamics and eddy
formation. Chlorophyll-a data, serving as a primary productivity
proxy, came from the GlobColour database, with data averaged to
match the 1° resolution. Bathymetric depth was derived from the
GEBCO topographical dataset.

Environmental predictor choices were further assessed for sam-
pling effort imbalance and potential multicollinearity. The greatest
imbalance was noted in salinity due to the low-salinity environ-
ments in areas like the Baltic and Black Seas. Multicollinearity
was evaluated via Spearman correlation and variance inflation
factor (VIF), using thresholds of r<0.75 and VIF <5, respec-
tively (Dormann et al. 2013). Dissolved oxygen concentration was
removed due to its high correlation with temperature (r=0.91,
VIF=17.5). The retained variables included temperature, salin-
ity, nitrate, MLD, chlorophyll-a, wind stress, and bathymetry.

Zooplankton data were linked to environmental data based on
matching monthly climatologies within a 1° spatial grid.

2.3 | Study Area Selection

As a priori information on genetic population structure is lim-
ited for most species, we look to define populations by minimis-
ing the mean geographic distance between species observations
within areas, in contrast with the mean global mean geographic
distance between observations. We used ocean basins to define
areas, as the mean geographic distance within ocean basins was
consistently less than those from data-defined clusters (Note S1;
Figure S2). We limited our observations to the seven main ocean
basins: North Atlantic, South Atlantic, North Pacific, South
Pacific, Indian, Arctic, and Southern Oceans. We removed the
marginal seas with unique salinity profiles (i.e., -Mediterranean,
Baltic and Black Sea) to offset the sampling imbalances in envi-
ronmental space of salinity. We also applied a buffer of 0.5° at
the boundaries of ocean basins to remove any potential biases
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from shifting oceanographic boundaries between basins (e.g.,
the Antarctic circumpolar current). Our final dataset consisted
of 223 species from 642,364 observations (Table S2).

2.4 | Environmental Niche Model Ensembles
(ENM)

We use the ODMAP protocol (Overview, Data, Model,
Assessment and Prediction; Zurell et al. 2020) to maximise re-
producibility and transparency when developing ENM, details
of which can be found in (Table S3). Each species' global ENM
was built on the selected environmental variables, ensuring at
least 100 observations per species, which aligns with the recom-
mended minimum ratio of observations to predictor variables
(10:1—Guisan et al. 2017). The ENMs were created using the R
package biomod2, which integrates three modelling algorithms
to generate an ensemble model for each species: Maximum en-
tropy (MaxEnt), generalised linear models (GLM), and gener-
alised additive models (GAM). These algorithms capture a range
of species-environment relationships, from linear to machine-
learning methods, and are widely used for niche overlap studies.
MaxEnt was limited to default settings, with a regularisation
multiplier of 1 and linear/quadratic transformations only (Valavi
et al. 2023). GLMs used a logistic link function without variable
interactions, while GAMs applied a smoothing function with a
four degrees-of-freedom limit to prevent overfitting.

Randomised background point selection was modified to avoid
model bias (Lobo et al. 2010). Background locations were selected
using a targeted group approach in proportion to zooplankton oc-
currence density, maintaining a 10:1 background to presence ratio
(Phillips et al. 2006). For species with many presences, background
samples were capped at 1000 points (Barbet-Massin et al. 2012).
Model validation was performed via block resampling, dividing
the dataset into spatially structured training and testing blocks
using the blockCV package. Evaluation metrics included the true
skill statistic (TSS) and the continuous Boyce index (CBI), which
are better suited for presence-only data (Allouche et al. 2006;
Hirzel et al. 2006). TSS combines sensitivity and specificity, with
values below zero indicating no better performance than random.
CBI, ranging from —1 to 1, assesses correlation between predicted
and observed presence probabilities, with values >0 indicating a
positive correlation. Only models with a TSS greater than0.3 were
retained in the final ensemble model, thereby removing poorly fit-
ted models based on the block resampling validation. The models
were weighted using a weighted average procedure, which aver-
ages predictions based on the performance of individual models
(i.e., strongly performing models influence the ensemble average
the most). The resulting ENMs allowed us to extract mean niche
values for each species, using the logistic probability of a species
presence as the weighting factor along each environmental gradi-
ent. These mean niche values are combined with the niche diver-
gence assessments for further modelling (see below).

2.5 | Niche Divergence Assessment Using ENM
To test for niche divergence, we used a two-part analysis com-

bining ENM and principal component analysis (PCA) follow-
ing McCormack et al. (2010) and McGinty et al. (2021). Step 1

involved comparing ENM ensembles for species in paired ocean
basins using Schoener’s D metric, where 0 represents no overlap
and 1 indicates perfect overlap. We used the ENMtools pack-
age to perform a background similarity test to detect if niche
differences were due to background environmental variation.
Ocean basin pairs were given four-character identifiers (e.g.,
North Atlantic and North Pacific—NA-NP). To evaluate diver-
gence, a null model was generated by comparing presence data
from one ocean basin against background data from the other,
repeated 100 times to create a null D distribution (D, ). True
niche overlap values of D falling outside the 95% CI of D were
interpreted as evidence of niche divergence (D<D, ) or conser-

vatism (D>D_ ).

2.6 | Niche Divergence Assessment Using PCA

PCA provided additional validation of niche differences and in-
sight into the environmental variables driving niche shifts. For
species with over 1000 observations in a basin, a subset of 1000
was selected to construct the PCA. Environmental data from
both basins were matched, maintaining a 10:1 background-to-
species presence ratio. An elbow plot was used to determine
the principal components explaining the majority of variation.
Niche overlap was measured by the difference in mean PCA
scores for each ocean basin. Null distributions for each axis were
created using 1000 jack-knife replicates, with niche divergence
confirmed if mean differences exceeded the 95% CI of null val-
ues. A Bonferroni-corrected t-test verified significance across all
species and area combinations.

2.7 | Addressing Sampling Bias and Variation

The null model framework also facilitates an unbiased assess-
ment of niche overlap in the presence of imperfect sampling of
the environmental space in both areas. Null models generate
the ‘expected’ distribution based on the known environmental
space in both areas. By comparing niche overlap to the expected
random distribution, you can determine if species are selecting
environments non-randomly given the expected differences in
environmental variability (Warren et al. 2008). Further sam-
pling biases, potentially arising from imbalanced species ob-
servations across basins, were tested by resampling presence
points for each population, adjusting observation numbers from
25 up to 1000. Niche overlap (D) was calculated for each resa-
mpling level, allowing us to assess if divergence stemmed from
sampling variation. A logistic regression was also conducted,
comparing divergence versus non-divergence with observation
differences between basins, to examine if observation frequency
influenced niche classification.

2.8 | Environmental Drivers of Niche Divergence
in Copepods

Copepod comparisons were available in suitable numbers to ex-
amine environmental influences on niche divergence between
basin pairs. We combined the binary niche divergence classi-
fications of each paired area comparison with mean niche val-
ues from global ENMs, which describe each species’ preferred
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environmental gradient. Hierarchical generalised additive
models (HGAM) tested whether niche divergence likelihood
was related to environmental affinities. HGAMs extend tradi-
tional GAMs by accounting for group-level predictor-response
relationships (Pedersen et al. 2019). Model selection used a
penalty-based approach, simplifying the final model by remov-
ing insignificant smoothers. With limited data between paired
areas, estimates of both fixed and random effects may become
biased, and as a result, we excluded paired areas with <10 com-
parisons for copepods, resulting in 14 of the 21 areas retained
and 552 paired area comparisons. After selection, the final
model was of the form:

Div ~ s(Bathymetry, k=4, bs= “tp”)

+s(Temperature, kn=4, m=2,bs="“tp”)

+s(Temperature, by =Paired Areas, kn=4, m=1, bs="“fs")
+s(Paired Areas, bs=“re”, k=12)

The model fits a global level trend for the bathymetry and tem-
perature. Temperature also allows for different group-level
trends with different smoothness between different paired
areas. Paired areas will show significance with temperature if
the group-level trend is significantly different from the global
pattern. We also included the paired areas as a random effect to
account for the variation of species between paired areas.

3 | Results

The performance of the three algorithms used for the ensem-
ble model was largely consistent across the different taxonomic

A

© 1.00
-—

N2

©

§

o 0.50
()

=

— 0.256
B Other Arthropods Cyclopoida Euphausiacea Chnidaria

100

Var imp %

0 U
Nitrate

FIGURE 2 | A ribbon plot showing the mean (points) and range of the (A) true skill statistic (TSS) and for 10 of the main taxonomic groups. A
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groups (Figure S3). The ensemble model performance varied
across the 10 different taxonomic groups that were defined
(Figure 2). The highest TSS was found for the copepod group
Cyclopoida and other Arthropods with mean values 0f0.74 +0.07
and 0.75%0.11 respectively. In contrast, the lowest TSS values
were found for Foraminifera with a mean value of 0.56 +0.07
(Figure 2A). There was a large degree of variability across spe-
cies regarding the variable importance of each of the seven
variables used in constructing the global models (Figure S4).
However, temperature and nitrate were the most important pre-
dictors in almost half of all 223 models, with a mean importance
of 27.2% and 33%, respectively (Figure 2B).

Of the remaining variables, only bathymetry has a mean im-
portance greater than 14% and is the most important vari-
able in more than 32 of the 223 global ensemble models. The
background environmental conditions within each area had
a strong degree of overlap except for temperature and nitrate
(Figure S5). The regions SO and AR had a much lower tem-
perature ranges in contrast with other basins while SO had
significantly higher nitrate concentrations compared with
other basins.

A total of 828 comparisons were made across the 21 paired
areas, with total comparisons varying between 94 (I0-SP) and
7 (SA-AR). There were 357 diverged niches (43%), with the pro-
portion ranging from 13% between IO0-SP and 90% for SO-IO.
Of the remaining comparisons, only 25 (3%) were found to be
fully neutral. As a result, conserved and neutral niches were
combined to create a binary variable of diverged and non-
diverged niches. The percentage of diverged niches was nega-
tively related to the mean niche overlap D of species across the
paired areas (Figure 3A). The PCA was broadly similar across

T"‘n

Mollusca Calanoida Harpacticoida Foraminifera

I 111

MLD Chl-a Wind stress

ribbon plot showing the permutation importance (B) of the seven variables used in constructing the global ensemble models, ordered from most im-

portant to least.
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FIGURE3 | (A)The mean Schoener's D (Mean D) and the percentage of diverged niches (Diverged niches %) for each of the 21 paired area com-

parisons. Points are sized based on the total paired area comparisons made. The points are coloured based on whether the paired area comparisons

were performed between areas in the same hemisphere (red), different hemispheres (blue) or between the Arctic/Southern Ocean and other areas

(light green). (B) The percentage of diverged niched for the taxonomic groups. Bars are coloured according to the taxonomic resolution of each group

with Phylum—cyan and Arthropod Class—yellow. (C) The percentage of diverged niches for copepod families across all paired area comparisons.

Bars are coloured according to Order with Cyclopoida—orange, Harpacticoida—purple and Calanoida—dark green.

the different paired areas. The elbow plot identified that the
first three principal components explain, on average, 72% of the
variation across paired areas. The variance explained remained
consistent across all paired areas for PC1 (32%), PC2 (21%) and
PC3 (14%). For PC1, temperature was the most important vari-
able for 8 of the 21 areas, with a mean correlation of r>+0.76.
PC2 had weaker correlations, but chl-a was the most important
for 10 of the 21 areas, with a mean correlation of r>+0.35. PC3
correlated very strongly with at least one variable in each paired
area, with temperature (Irl >0.83) the most important in 12 of
the 21 areas, while nitrate (Ir| >0.78) and chl-a (Ir| >0.79) were
most important for the remaining paired areas.

The number of paired area comparisons within each phylum
varied considerably from Annelida (1) to Arthropoda (694) of
which 615 were within the class Copepoda. The Chordata had
the highest rates of niche divergence at 77% (Figure 3B). Of
the 223 species used in the analysis, 156 belonged to the class
Copepoda. There were 43% of all paired areas diverged, with
the copepod groups of Cyclopoida and Harpacticoida showing
niche divergence close to 50% of all comparisons, while 35% of
Calanoida showed niche divergence (Figure 3B). A total of 91 of
the 156 species showed evidence of divergence between at least
1 of the 21 pairwise comparisons of the species populations.
The cyclopoid species Oithona similis diverged in 16 of all 21
paired area comparisons, while the calanoid copepod Metridia
lucens diverged in 9 of 16 paired area comparisons. Between
copepod families, there was a contrast in the number of di-
verged populations across paired areas. Most diverged niches
occur in the families from the order Cyclopoida (Oncaeidae
and Oithonidae) with 52% and 60%, respectively (Figure 2C).
In contrast, the 15 comparisons from Centropagidae showed
divergence in 13% of all measured (Figure 3C).

Differences in niche overlap comparing the full dataset of obser-
vations and estimates from a fixed number of observations were
largely consistent for sample sizes greater than 50 (Figure S6).
Differences in niche overlap were found to be, on average, less
than 0.07 between 50 and 1000 observations. The observed dif-
ferences in niche overlap did not re-define the paired-area com-
parison from diverged to conserved or vice versa. Differences in
observation number did not have a significant effect on the clas-
sification of niche divergence. R*=<1%; F 1826 =0.789; p=0.375.

We observed significant relationships between the probability
of niche divergence of species populations and their mean tem-
perature and bathymetric niches (HGAM; R?=0.35; Table 1).
A global smoother for bathymetry and temperature shows that
populations that occur in cooler (~15°C and lower) and shal-
lower waters are more likely to show evidence of niche diver-
gence (Figure 4A,C). The random effect of the paired areas
shows that the SO-SA has a high number of diverged niches,
while SA-NA has the lowest compared to the effect average.
Four paired areas displayed a trend significantly different from
the global temperature pattern (Figure 4D). For I0-SA, I0-SP,
NA-AR, and SA-SP, niches were more likely to be diverged at
warmer temperatures in contrast to the colder temperatures of
all other areas. SA-SP shows an increased chance of diverged
niches at intermediate temperatures between 10°C and 20°C be-
fore decreasing again at higher temperatures.

4 | Discussion
We found niche divergence in zooplankton populations across

a broad range of phyla. Just under half of all pairwise compar-
isons of populations showed significant niche divergence. The
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proportion of populations with divergent niches varied across
orders and families within each phylum (Goetze 2005). For co-
pepods, we found that niche divergence was more likely to occur
between populations in cooler and shallower waters (Figure 4).
While these effects are significant, there is still a large source of
variability left unexplained by our HGAM model. This uncer-
tainty suggests that there are other drivers that promote niche
divergence, which include ecological interactions between spe-
cies (e.g., competition, predation, etc.), phenotypic adaptation
within species (e.g., thermal limits, metabolism) and sampling
variability (e.g., within basin variation).

TABLE 1 | The results of the HGAM showing significant smoother
variables only. For each variable the estimated, reference degrees of
freedom (Est. df and Ref. df), Chi squared (Chi sq) and probability (p)
of each variable are shown. The total sample size (n) and adjusted R
squared (Rsq adj) for the final model are also displayed.

Variable Est.df Ref.df Chisq p
s(Bathymetry) 1.77 2.18 12.1 0.003
s(Temp) 1 1 20.37 <0.001
s(Temp):I0SA 1.59 3 13.19 0.04
s(Temp):IOSP 2.41 3 33.93 <0.001
s(Temp):NAAR 2.65 3 27.03 0.005
s(Temp):SASP 1.52 3 7.35 0.018
s(area pair) 1.02 13 21.95 <0.001
Deviance expl. 33.20% n= 552

A

2

Our results align with increasing evidence of cryptic speciation
of several globally distributed zooplankton taxa, which show
genetic divergence between populations that display adaptation
to local environmental conditions (Blanco-Bercial et al. 2014).
The tropical Atlantic has been identified as a persistent barrier
to zooplankton dispersal (Burridge et al. 2015, 2019; Goetze
et al. 2017; Choo et al. 2021) while the equatorial subtropical
boundaries in the Pacific also act as an effective barrier to cope-
pods (Goetze 2005). Comparisons within the same hemisphere
show a much lower likelihood of niche divergence and the high-
est niche overlap (Figure 3A). Similar patterns between the
thermal niche and niche divergence of populations are found for
NP-NA that we find across the equator, while we find an opposite
pattern between NA-AR. The pattern suggests we should see an
opposite pattern between temperature and niche divergence for
the NP-AR. While there is a large inflow and outflow of currents
between the NA-AR, currents between the NP-AR are predomi-
nantly northward through the narrow Bering strait (Weydmann
et al. 2016). This appears to limit gene flow between Pacific
and Arctic/Atlantic populations, which is found with species
such as Calanus glacialis (Nelson et al. 2009). In the southern
hemisphere, we see increased niche divergence at warmer tem-
peratures in contrast to the global pattern of increased niche
divergence at colder temperatures for I0-SP, IO-SA, and SA-SP
(Figure 4D). The contrasting pattern is likely due to the increased
connectivity at the southern reaches of these three ocean basins,
where there are weaker ocean current barriers or continental
landmass barriers. Weak genetic divergence was found in pop-
ulations of the copepod Haloptilus longicornis between I0-SA
(Norton and Goetze 2013) and for Eucalanus spp. (Goetze 2005)
and Pleuromamma xiphias (Goetze 2011) between the I0-SP.
Comparisons between the Southern Ocean and other paired

-4
1000 2000 3000 4000
B Bathymetry (m)
1.0 SO-SA
SA-NID<NA
0.5
NP-IS0-I0
3
E 0.0 NA-SIO-SA
NA-NP
-0.5 NP=AR
SA-NPA“AR
-1.0
5 10

Gaussian quantiles

5 10 15 20 25
Temperature °C

10-SA 10-SP NA-AR SA-SP

FIGURE 4 | Hierarchical-GAM smoothers that show the partial effect of niche divergence across significant environmental gradients. Values

above 0 show niches that are more likely to represent species with diverged niches between two paired areas. (A) The global smoother of bathymetry,

(B) the random effect size of paired area, (C) the global smoother for temperature and (D) significant paired area smoothers of ocean temperature
that deviate significantly from the global smoother. The paired areas are I0-NA—red, I0-SA—gold, I0-SP—green, NA-AR—cyan, SA-NP—pink

and SA-SP—purple.
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areas showed the greatest number of diverged niches and the
lowest mean niche overlap between species (Figure 3A). Strong
circumpolar currents limit the dispersal of plankton across its
boundary, defining the latitudinal boundary of many Antarctic
species (Murphy et al. 2021) including genetic isolation as in the
case of the copepod Metridia lucens (Stupnikova et al. 2013). The
high degree of endemism in the Southern Ocean is highlighted
by the limited species available to compare for niche divergence.
Species across different taxonomic groups show distinct genetic
adaptation to the unique cold-water environment and sea-ice dy-
namics (Johnston et al. 2022).

The niche divergence relationships between ocean basins high-
light the mosaic of frontal and landmass barriers to dispersal
and the strength of connectivity between them. The connec-
tivity of the global surface ocean is on average less than a de-
cade (Jonsson and Watson 2016). Metagenomic data for a wide
range of prokaryotic and eukaryotic planktonic groups show
that genetic similarity decreases with increased surface ocean
travel time, with a distinct genetic structure for the Southern
Ocean (Laso-Jadart et al. 2023). Size appears to play a role in the
strength of genetic similarity, where larger-sized zooplankton
tend to be structured by ocean basins and current boundaries,
while smaller organisms respond to environmental heteroge-
neity (Sommeria-Klein et al. 2021). Species turnover rates with
respect to ocean travel time are also correlated with body size.
For larger zooplankton, travel time and dispersal distances are
much lower than smaller organisms, with distinct boundaries
of turnover rates along ocean boundaries (Villarino et al. 2018).
Our findings highlight a similar process in structuring niche di-
vergence within species across ocean basins, where strong envi-
ronmental gradients, in particular temperature, occur.

Ocean temperature is a primary driver in structuring the abun-
dance and distributional patterns of zooplankton in the ocean
(Hays et al. 2005; Villarino et al. 2020). Marine species are
thought to be particularly sensitive to temperature changes
as they live close to their thermal limits (Pinsky et al. 2019).
Observations of Calanus helgolandicus showed little evidence
of thermal adaptation over the last 50years (Hinder et al. 2014),
though experimental studies on copepods have shown that rapid
multi-generational adaptations to warming can occur, with
trade-offs in fitness observed (Dam et al. 2021). Copepod ther-
mal tolerances are positively linked to temperature, with trade-
offs between the phenotypic plasticity of a species’ thermal
limits and thermal tolerance strength (Sasaki and Dam 2021). A
comparison of thermal tolerances within species shows a simi-
lar trade-off pattern with phenotypic plasticity for Acartia tonsa
(Sasaki and Dam 2019). The patterns of within-species variation
in thermal tolerance and their plasticity response appear to be
common across many marine species, highlighting the differ-
ent sensitivities of a population to temperature changes (Sasaki
et al. 2022).

Combined with temperature, we find that there is a general pat-
tern of greater niche divergence for copepod species in coastal
environments (Figure 4). They show a greater likelihood of
niche divergence, exhibiting more plasticity in their niche pref-
erences, and several species have shown significant adaptive
differentiation to temperature over small spatial ranges (Sasaki
and Dam 2019). Niche divergence in cooler, shallower habitats

can increase the vulnerability of these copepods to climate
change. While indicating a historical adaptation to exploit spe-
cific niches through specific traits (e.g., thermal tolerances), it
can increase the chance of genetic isolation of the species pop-
ulation, reducing the capacity for phenotypic plasticity (Sasaki
and Dam 2021). As global temperatures rise, these species
may face habitat loss if their preferred cooler temperatures are
no longer available in shallow waters. Since these habitats are
limited in spatial extent compared with the open ocean niches,
they are already spatially constrained. Near-shore copepods are
likely under different ecological, dispersal, and evolutionary
constraints than their open ocean counterparts, which often
inhabit slower changing and stable environments, suggesting
different thermal tolerances and adaptation between species in
these habitats (McGinty et al. 2021).

Our study has shown significant niche divergence in a wide
range of species, which should be considered when modelling
changes in zooplankton biogeography. Lineage information,
through pooling or splitting of species populations, may ac-
count for differences in niche conservatism across species
(Smith et al. 2019). Overlooking the within-species variabil-
ity in niche divergence or plasticity will likely have a signif-
icant effect on the real changes to zooplankton populations
in response to ocean warming (Sasaki et al. 2022). Niche di-
vergence in copepods varies across thermal gradients, which
will have important implications for how species populations
respond to climate change at the limits of their ranges. The
increased niche divergence for colder-shallower species sug-
gests a greater vulnerability of these groups to future climate
change. While under niche conservatism, individuals of a spe-
cies at higher latitudes would be expected to follow a similar
thermal performance curve to lower-latitudes individuals. We
show that it is more likely that these are cold-water special-
ists with a limited capacity to respond to warming (Sasaki and
Dam 2021). Future studies could look to explore the mech-
anisms that drive niche divergence in the realised niches of
these species. Empirical studies or fitness experiments could
provide some further insight into the effects of niche diver-
gence in the near future.

The genetic differentiation of species sub-populations for cope-
pods can occur within ocean basins and across short geograph-
ical distances where a sub-population occupies a unique niche
or habitat (Gonzalez et al. 2020), Much of our information on
the spatial distribution of genetic lineages are focused on very
few taxa (e.g., Pleuromamma) with limited information for other
species. As a result we might be (1) comparing separate popula-
tions, (2) combining sub-populations or (3) comparing the same
population between ocean basins. Without a full understanding
of the population distinction regionally and within basins we
choose to only focus on the differences between ocean basins.
Given the near-shore and off-shore differences in niche diver-
gence between ocean basins and the small-scale variation in
thermal adaptation for some species, we are likely underestimat-
ing the magnitude of niche divergence by smoothing over these
differences. To understand niche variation at a more regional
level, we need data on a wider range of zooplankton species to
allow for a more nuanced delineation of ocean boundaries (e.g.,
‘isolation by currents’—Richter et al. 2022) to quantify the im-
portance of niche divergence at these scales.
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