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Fig. 5. The mean niche (1) and niche breadth (o) for each taxa in both the Southern Ocean (open symbol) and North Atlantic

(filled symbol). The colours identify each dietary strategy: carnivores (orange), herbivores (green), and omnivores (blue). Each

panel shows a particular univariate niche gradient with (a) SST; (b) vDepth(m) X (c) In(chl a); (d) salinity (PSU); (e) wind

stress; (f) MLD. The error bars represent the standard deviation of the mean niche and niche breadth from the 100 bootstrap

simulations for each species. Beneath each panel is the frequency distribution of the background data from the Southern
Ocean (black) and North Atlantic (grey)

Mixed layer depth (MLD) was of medium and low
importance in both areas, however in the Southern
Ocean omnivores were found in areas with signifi-
cantly deeper MLD compared with herbivores and

carnivores (Table 3, Fig. 5f). The variables of kinetic
energy and oxygen saturation were of low impor-
tance in both areas and were not shown to have any
significant differences in the mean niche across the 3
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Table 3. Pairwise differences of mean niches for each variable, averaged over species, across the 3 dietary strategies: carni-
vore, omnivore and herbivore for both the North Atlantic and Southern Ocean. Significant differences are in bold with
significance levels denoted by *p < 0.05, **p < 0.01, ***p < 0.001

Variable North Atlantic — Southern Ocean
Omnivore vs.  Omnivore vs. Herbivore vs. Omnivore vs. Omnivore vs. Herbivore vs.
carnivore herbivore carnivore carnivore herbivore carnivore

SST -2.9* 1.14 -3.67** 1.55 1.85 0.35
Depth -9.8** -2.3 -7.8* -2.51 -2.61 -0.09
Salinity -0.9* 0.21 -1.17* 0.15 0.18 0.03
Chl a 0.11* -0.05 0.16*** 0.10** 0.04 0.12*
Wind stress 0.001 0.001 0.001 0.003** 0.001 0.003**
MLD 4.9 0.9 3.8 44.5* 34.5* 10.3
Oxygen 0.14 -0.04 -0.07 0.59 0.83 0.24
EKE 0.01 0.01 0.01 0.003 0.004 0.001

dietary strategies. These data are not shown, but the
results of the variable importance and niche compar-
isons can be found in Tables 2 & 3.

Diapause taxa were found on average to occur in
waters that were ~4.1°C colder than non-diapause
taxa (F;, g5 = 12.6, p < 0.001, Fig. 6a). A strong nega-
tive relationship was found between the niche breadth
and mean size of diapause copepods (Fig. 6b; R? =
0.39, niche breadth = [2.22 = 0.61] + [-0.24 + 0.18]
slope, p < 0.001) while the relationship for non-dia-
pause copepods was non-significant (Fig. 6¢; R? =
0.03, niche breadth = [1.37 + 0.22] + [0.07 + 0.07]
slope, p = 0.09).

DISCUSSION

Our analysis of the realised niches of 88 copepod
taxa from Continuous Plankton Recorder (CPR) sur-
veys in the North Atlantic and Southern Ocean has
revealed several key features. Temperature, salinity,
bathymetry, and chl a concentration are the most
important determinants of the predictive skill of our
niche models. The mean realised niche varies with
traits including dietary strategy, body size, and dia-
pause. These results are robust across 2 oceanic re-
gions (North Atlantic, NA, and Southern Ocean, SO)
with strongly contrasting environmental conditions.

The CPR data span large geographic and temporal
ranges making them unparalleled observational data
for plankton ecologists. No data are perfect, and the
CPR surveys present many analytical challenges as
well as opportunities. Particular concerns include
sampling effort varying in space and time, sampling
only in the surface ocean, the lack of simultaneous
observation of environmental conditions, semi-quan-
titative observations of abundance, and variability in

detectability of individual taxa. The MaxEnt method
mitigates some of these concerns by using only
presence data (ignoring abundance) and assuming
absence of observations of a species is not evidence
of absence (this is the maximum entropy part of the
model formulation). Pooling vast surveys across time
(sampling time varies within a day, across seasons,
and in multiple years) and space should lead to
opportunities to observe species in the surface layer
(7 m depth) even if they usually occur much deeper
than this surface layer. Similarly, using climatological
and environmental data results in a great deal of
averaging, but the broad scale of sampling empha-
sises large-scale differences in environmental condi-
tions and effectively ignores small-scale variability.
Additionally, we note that the data are observational
rather than arising from designed experiments, so our
statistical analysis should be viewed primarily as gen-
erating hypotheses rather than testing hypotheses.

Which variables are most important for defining
copepod niches?

Ocean temperature influences many aspects of a
species' ecophysiology, including growth and feeding
rates (Forster et al. 2011). This broad range of effects
is reflected in the relative importance of SST in the
determination of the realised niche. SST was the
most important variable defining species' niches, on
average, and was one of the most important variables
for species across all 3 dietary strategies in both the
North Atlantic and Southern Ocean (Table 2, Fig. 3).
This dominant role of SST was anticipated based on
previous studies that showed how changes in the
seasonal timing of SST can alter the phenology of
many plankton species (Edwards & Richardson 2004),
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Fig. 6. The relationship between the SST niche and dia-
pause and non-diapause taxa showing (a) a boxplot of the
mean niche (u) of diapause and non-diapause copepods.
Boxes represent the median and quartile ranges. Whiskers
delineate full ranges. Relationships between the mean body
length and the SST niche breadth (o) are shown for (b) dia-
pause and (c) non-diapause copepods. The straight lines in
(b) and (c) are regression lines with R? = 0.39, p < 0.001 for
diapause and R? = 0.03, p = 0.08 for non-diapausing cope-
pods. The solid line in (b) indicates a significant relation-
ship, while the dashed line in (c) indicates an insignificant
relationship between variables

causing timing mismatches and detrimental knock-
on effects for higher trophic levels (Hipfner 2008,
Burthe et al. 2012). Large-scale changes in the spatial
distribution of plankton species may have been a re-
sult of environmental filtering of communities based
on their niches as SST changes (Beaugrand et al.
2002). These observations and anticipated changes
in temperature with climate change over the next

century underscore the importance of knowing tem-
perature niches of individual taxa and how the tem-
perature niches vary with key traits. The relative
importance of SST was even more pronounced in the
Southern Ocean compared to the North Atlantic
despite the narrower range of SST variation in the
Southern Ocean (Table 2, Fig. 5a). SST has not gen-
erally been found to be the most important driver of
phytoplankton niches (Irwin et al. 2012, Barton et al.
2016), consistent with the observation that tempera-
ture has a stronger effect on the growth rate of
heterotrophs and higher trophic levels compared to
photoautotrophs (Edwards & Richardson 2004, Rose
& Caron 2007). Our results reinforce previous ana-
lyses of temperature on copepods, supporting the
importance of temperature for the realised niche and
providing a quality check for our modelling efforts.
Following temperature, the next most important
variables defining copepods’' niches were salinity,
wind stress, bathymetric depth, and chl a concen-
tration although their relative importance differed
across dietary strategies and the 2 oceanic regions.
The single variable (Table 2) and the permutation
(Fig. 3) importance did not always agree, so there is
not a strong signal of the relative importance among
these variables in the determination of the realised
niche. Contrasting variable importance between re-
gions and across dietary strategies reflect the im-
portance of the range of available environmental
conditions and traits in determining regions of occu-
pied niche space. Salinity was an important factor
structuring copepod niches (single variable models,
Table 2) in both regions despite its relatively narrow
range in the Southern Ocean, but provided relatively
little additional information beyond the other vari-
ables (Fig. 3) except among the omnivores in the
Southern Ocean. These results are consistent with
the information contained in the salinity signal being
largely related to correlation with other variables.
The relatively high importance for omnivores in the
Southern Ocean is surprising since the narrow range
of salinity variation could be expected to be less
informative than a broader range of variation; these
omnivores may be especially sensitive to salinity
changes. Wind stress is most important for carnivores
in the Southern Ocean (Fig. 3) and broadly important
as a single variable for all groups in both regions
(Table 2), likely because of its effect defining the
vertical structure and physical-chemical environ-
ment of the upper ocean. Bathymetric depth was a
key variable in the North Atlantic, largely because
it enables a distinction between copepods found
primarily on the continental shelf and those found
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in the open ocean. Chl a concentration was the
most important variable for herbivores in the North
Atlantic although its relative importance in the
Southern Ocean was generally low. The mean
chlorophyll niches are comparable between the 2
regions (Fig. 5¢), but the environmental mean and
variation in log chl a concentration is much less in the
Southern Ocean, which may account for the differ-
ence in the importance of this variable in defining
the niche.

How does dietary strategy affect the realised niche
of copepods?

Differences in mean temperature, bathymetric
depth, chl a concentration, and salinity realised niches
of carnivores compared to herbivores and omnivores
(Tables 2 & 3) appear to reflect physiological or eco-
logical differences linked to the dietary trait. SST
niches are higher in the North Atlantic compared to
the Southern Ocean with a wider range of available
temperatures allowing for a separation of copepod
niches across feeding strategies (Table 3). Mean niches
in the Southern Ocean for temperature, bathymetry,
and salinity (Fig. 5a—d) are compressed into a smaller
range compared with the North Atlantic, so that
niche differences among the dietary groups detected
in the North Atlantic for these variables may still
exist, but can't be resolved in the Southern Ocean.
These niche differences reflect the observation that
warmer systems generally have complex trophic
interactions with an abundance of carnivorous cope-
pods leading to top-down dominated systems, com-
pared to cooler seasonal systems that tend to be dom-
inated by herbivorous copepods and which are
dominated more by bottom-up processes (Hébert et
al. 2017).

On average, we observe similar realised niches for
omnivores and herbivores, possibly due to the selec-
tion of similar food resources by these groups during
the spring and summer seasons. Relative levels of
herbivory and carnivory are known to vary season-
ally among omnivores from the family Metridinidae,
which account for about 3-quarters of the omnivore
sightings in this study. For example, diets of M. ger-
lachi (Calbet & Irigoien 1997) and Pleuromamma
xiphias (Schnetzer & Steinberg 2002) show that up to
93 % of the diets of these species can be phytoplank-
ton during spring and summer before switching to a
more varied winter diet. Herbivores and omnivores
are generally found at higher chl a concentrations
compared with carnivores in both oceans, consistent

with a significant advantage of high chl a concentra-
tions for species directly feeding on phytoplankton.
The role of dinoflagellates in copepod diets has been
difficult to quantify (Kleppel 1993) and depends on
several factors including dinoflagellate biomass and
species type, but there is evidence that later bloom-
ing copepods (e.g. Acartia spp., Temora spp.) and
estuarine species (Eurytemora spp.) show a prefer-
ence for dinoflagellates (Rollwagen Bollens & Penry
2003). Indirect evidence from temperature and salin-
ity niche relationships is consistent with feeding pref-
erences of copepods. Larger diatom species typically
dominate during the spring bloom period (Taylor et
al. 1993, Barton et al. 2013b) and are associated with
cooler temperatures and lower salinities in the North
Atlantic reflecting the patterns observed for herbivo-
rous copepods in this study (Irwin et al. 2012). We
found that the herbivore species Acartia danae and
Temora stylifera occur in higher SST compared with
other herbivore and omnivore taxa suggesting that
they occupy warmer waters or occur much later in
the season to exploit the increase in dinoflagellate
abundance (Irwin et al. 2012). We attempted to refine
our chl a niche analysis by estimating the biomass of
diatom and dinoflagellate groups approximately par-
titioning the chl a concentration across these groups
using the CPR abundance data and the biovolume
of each phytoplankton taxon. Unfortunately, this
partition of chl a concentration into diatom and dino-
flagellate sources was significantly less useful than
simple chl a concentration in defining species niches
for herbivores and omnivores.

The lower wind stress niche occupied by carni-
vores compared to herbivores and omnivores in the
Southern Ocean may be a result of direct physical
effects on the copepod and phytoplankton communi-
ties. Wind stress plays a strong role in the seasonal
succession of phytoplankton with the non-motile
phytoplankton (e.g. diatoms) often dominating dur-
ing periods of higher wind stress often observed
during the spring bloom period and persistent wind-
driven mixing in the summer period maintains en-
hanced areas of chl a. Changes in wind stress are
strongly correlated with turbulence in the upper
ocean (MacKenzie & Leggett 1993), which in turn
can influence the vertical positioning behaviour of
copepods (Incze et al. 2001). Direct links between
turbulence induced from wind stress and the finer
scale turbulence that influences copepods directly
such as altering feeding efficiency (Kierboe & Saiz
1995) and grazer—prey encounter rates (Marrasé et
al. 1990, Saiz & Kigrboe 1995) are very complex and
difficult to explore at this scale.
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How is body size related to the
environmental niche?

Temperature, wind stress, and chl a concentration
realised niches all vary with copepod body size
across all feeding types and in both oceans (Fig. 4).
The anticipated effects of climate change suggest
that there will be a significant restructuring of the
size-structure of copepod communities with conse-
quences for trophic efficiency and carbon export or
sequestration (Hébert et al. 2017). For example,
regions of the ocean with higher temperatures,
greater wind stress, and increased chl a concentra-
tions in the future can be expected to have smaller
copepods compared to the present (Fig. 4). Previous
studies have shown that larger species dominate in
northern, cooler waters and smaller species are more
likely to be found in warmer, tropical waters in both
the Atlantic (San Martin et al. 2006) and Pacific
(Chiba et al. 2015) oceans. Increasing temperatures
have been shown to result in decreases in the mean
size and community structure in Long Island Sound
and the Baltic Sea (Daufresne et al. 2009, Rice et al.
2015). As ocean temperatures increase over the next
century, these changes are likely to shift communi-
ties into states where smaller phytoplankton and
zooplankton species dominate, decreasing the fecal
carbon flux (Finkel et al. 2010, Stamieszkin et al.
2015, Brun et al. 2016).

Smaller copepods are found on average in loca-
tions with higher chl a concentrations and these
smaller copepods are more likely to be herbivorous
than omnivorous or carnivorous consistent with their
prevalence at higher chl a concentrations. Since chl a
concentration is generally higher at lower tempera-
tures there may frequently be opposing effects on
body size from temperature and chl a concentration.
The community composition of phytoplankton, which
can vary independently from chl a concentration, has
been shown to significantly alter temperature—size
responses in other areas (Diamond & Kingsolver
2010). The chl a concentration-body size relationship
is partially attributable to the mean variation in body
size of the different dietary strategists, since many of
the largest taxa are carnivorous and do not prey on
food containing chl a. Size-selective predation of cope-
pods by planktivorous fish, a factor not included in
this study, can result in a negative body size—
productivity relationship (Brucet et al. 2010, Brun et
al. 2016). Many of the variables influencing copepod
presence are highly correlated, which creates com-
plications for interpreting univariate niches, as illus-
trated here, but it is still possible to create robust

multivariate niches and predictive models for cope-
pod biogeography (Table 2).

The increase in body size in lower wind stress envi-
ronments may be linked to the dietary strategy of the
copepods, although the interpretation of this signal is
complicated by correlations between temperature
and chlorophyll concentration. Herbivorous cope-
pods tend to prefer the non-motile diatom cells (Mar-
iani et al. 2013) which benefit from more turbulent
environments compared with dinoflagellates that
thrive in more stable stratified conditions. Diatoms
are found under colder conditions with higher aver-
age chlorophyll concentrations compared to dino-
flagellates (Irwin et al. 2012). As the herbivores are
significantly smaller than the carnivorous copepods,
we find that the smallest taxa would be found more
often in higher wind stress areas.

What is the role of temperature in structuring the
diapause life history strategy?

In high latitudes, copepods have adapted to large
seasonal shifts in environmental conditions by adopt-
ing a diapausing strategy during the winter months.
Our results demonstrated that diapausing taxa oc-
curred most frequently in colder water with signifi-
cant differences found between the mean niches of
diapausing and non-diapausing groups. Diapause
in copepods has been found to occur from the egg
(i.e. resting egg) through to the naupliar and cope-
podite stages; however, we chose to focus only on
those that have demonstrated diapause strategies in
the copepodite stages (mainly CV), as these stages
require the individual to acquire significant lipid
reserves to meet overwintering demands (Ingvars-
déttir et al. 1999).

We found that for diapause taxa there is a signifi-
cant negative relationship between the mean body
size and niche breadth, while for non-diapause taxa
no relationship was found (Fig. 6). We suggest that a
reason for this relationship is increased phenological
(i.e. life cycle timing) pressure placed on larger dia-
pausing taxa that have generation times lasting a
year or longer (e.g. 2 yr is commonly observed for C.
hyperboreus, Ji et al. 2012). These taxa are presented
with a narrower range of favourable temperatures
that promote enough growth to achieve diapause
restricting their overall niche breadth. By contrast,
smaller diapausing taxa (e.g. Pseudocalanus elonga-
tus) will have up to 4-5 generations per year requir-
ing more flexibility in terms of achieving growth and
reproduction over a wider range of temperatures.
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Simulation studies have suggested that the larger
Arctic copepods can reach diapause quicker and at
earlier stages by utilising ice-algae early in the
growth season (Ji et al. 2012), which is highly de-
pendent on the phenological timing of the copepod.
By contrast, the relationship between mean size and
niche breadth breaks down for non-diapausing taxa
due to the diminished role of seasonality for taxa
of all sizes. Diapause life history strategies strongly
structure the realised niche of copepods.

Comparing copepod niches across ocean basins

Our results show that for both the North Atlantic
and Southern Ocean the most dominant variable
defining a species niche is the SST, while the rank
importance of the remaining variables differs be-
tween each region. For example, bathymetric depth
has been shown to be a strong determinant of cope-
pod habitats in the North Atlantic (Helaouét & Beau-
grand 2007) and is evident here to be important in
defining the copepod niches in this area. Species
show an affinity for shallower shelf or deeper oceanic
waters. In the Southern Ocean, depth has no signifi-
cant role in defining niches because much of the area
is oceanic (>500 m depth) with <1 % of the area com-
prising shelf seas.

On average, we find that the realised niches of her-
bivores and omnivores are similar and are distinct
from the realised niches of carnivorous copepods in
both regions. However, we find that the differences
between the regions are also reflected in the envi-
ronmental variables that show separation of the
realised niches of the different dietary strategies. The
North Atlantic shows that herbivores and omnivores
occur in significantly cooler, shallower waters of high
productivity compared to carnivores, while in the
Southern Ocean herbivores and omnivores occur in
waters with significantly higher wind stress and pro-
ductivity. In the Southern Ocean, herbivores and
omnivores occur in areas of higher productivity com-
pared with carnivores, but the mechanisms sustain-
ing higher chl a differ from those in the North At-
lantic. Wind-driven mixing creates enhanced regions
of chl a (Carranza & Gille 2015) that benefit the her-
bivore and omnivore species.

A segregation in realised niches between herbi-
vore/omnivore and carnivore functional groups simi-
lar to that found in the North Atlantic has been
demonstrated along comparable environmental gra-
dients in the Mediterranean (Benedetti et al. 2018).
Carnivore functional groups were found to be dis-

tinct from the herbivores/omnivores, with carnivores
found on average in significantly warmer and less
productive areas. Findings in the open ocean have
shown that carnivores tend to dominate in lower
latitudes where productivity is low (Woodd-Walker
et al. 2002), which benefits species that can prey on
smaller copepods or gelatinous zooplankton (Taka-
hashi et al. 2013). In contrast, herbivore/omnivore
dietary strategies favour species that can adapt to
seasonal variation in temperatures and productivity
through lipid-storing and diapausing strategies when
these are low (Barton et al. 2013b). In aggregate,
these results from the North Atlantic, Mediterranean
Sea, and Southern Ocean support the claim that
functional traits, particularly dietary strategy, body
size, and diapause structure the realised niche of
copepods, although the realised niches are necessar-
ily partially determined by the range of environ-
mental conditions available. The robustness of these
results helps anticipate the effects of climate change:
trait-derived differences are likely to persist as envi-
ronmental conditions change in any region of the
ocean. Loss of any particular region of niche space
from the environment will shift the niches of indi-
vidual species, increase competition due to niche
overlap, or lead to regional loss of species.

CONCLUSIONS

Our results indicate how traits including dietary
strategy, body size, and life history strategies of cope-
pods partially determine realised niches, indicating
that these traits can be valuable information for pre-
dicting zooplankton biogeography and community
changes in response to climate change. SST was the
most important environmental variable structuring
the realised niche across all dietary strategies in both
oceans. Geographic differences in niches and the rel-
ative importance of variables defining the niche may
limit the utility of regional species distribution mod-
els for extrapolating copepod biogeography over
larger regions of the ocean. Similarities in niches and
niche-trait relationships across the North Atlantic
and the Southern Ocean indicate that further analy-
sis of niches and their relationship to species’ traits
across wider geographic regions may illuminate
robust relationships that can be used globally for pro-
jecting species biogeography.
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