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ABSTRACT

Zooplankton are central to pelagic ecosystem functioning, mediating energy transfer and are sensitive indicators of climate-driven change. While
shifts are well documented in zooplankton taxonomy and abundance, their implications for ecosystem functioning remain less clear. Functional
trait approaches provide a mechanistic framework to link community composition with ecological processes by focusing on traits that govern
feeding, growth, and energy transfer. We applied a trait-based analysis to long-term copepod communities at two time series sites on the northwest
Atlantic shelf collected between 1999 and 2021 (HL2 and PS) to assess how environmental variability structures functional composition and
diversity. Guided by biodiversity—ecosystem functioning theory, we hypothesized that environmental change would re-organize communities
along dominant trait gradients, favour smaller and more metabolically active taxa under warming, and produce region-specific responses due to
contrasting hydrographic conditions. There were declines in overall copepod biomass driven by the declining contributions of large lipid-rich
copepods and increasing relative importance of smaller taxa with higher metabolic rates. Functional richness and dispersion generally tracked
richness-based expectations, suggesting functional redundancy despite trends in trait composition. These results demonstrate that environmental
variability is reshaping copepod functioning and highlight the value of trait-based approaches for understanding ecosystem responses to climate

change.
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INTRODUCTION

Zooplankton play a vital role in the ecosystem functioning of
the pelagic system through both direct and indirect impacts on
the bioavailability of nutrients and energy flow in an ecosystem
(Hébert et al, 2017). They are key indicators of climate-
mediated changes in pelagic ecosystems, as evidenced by shifts
in community structure (Steinberg et al, 2015), abundance
(Edwards et al, 2021), and distribution (Beaugrand et al,
2002). While taxonomic changes have occurred in zooplankton
communities globally, much less is known about how these
changes affect pelagic ecosystem functioning (Deschamps et al,,
2024). For example, shifts in the taxonomy could lead to
changes in ecosystem functioning by altering the trophic transfer
efficiency (Prowe et al,, 2019) or changes to the overall carbon
biogeochemistry (Heneghan et al,, 2020) through changes in
functional trait composition. Functional traits are characteristics
of a species that determine their fitness in a particular ecosystem
and provide information on their contribution to ecosystem
functioning (Kierboe, 2011; Hébert et al, 2016). Functional
trait-based approaches offer a powerful framework to mechanis-
tically link community composition with ecosystem processes,

biodiversity—ecosystem functioning relationships, and species
responses to environmental change (Pomerleau ef al, 201S;
Benedetti et al., 2018).

Since the review by Litchman ef al. (2013), which proposed
that trait-based approaches are important for describing zoo-
plankton communities, significant effort has been made to
compile functional trait information for a range of zooplankton,
especially copepods (e.g. Benedetti et al, 2016; Brun et al,
2017; Pata and Hunt, 2025). Over the last decade, trait-based
studies have highlighted some of the regional and global variation
in the zooplankton trait space. Body size has shown to be a
key trait for copepods and appears to follow Bergmann’s rule
(Campbell et al, 2021) where larger bodied species are more
prevalent at colder temperatures (McGinty et al,, 2018; Becker
et al, 2024; Benedetti et al, 2025). Other traits also display
regional differences in their distribution with more ambush
feeding taxa (Prowe ef al, 2019) and herbivores-omnivores in
colder waters (Becker et al,, 2021; Benedetti et al,, 2023). Studies
in the North Sea revealed a decoupling in the observed shifts
in taxonomic composition and the ecosystem functioning of
the zooplankton community (Djeghri et al,, 2023). Therefore,
it is critical to examine time-series for changes in the trait
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composition and functional diversity (FD) and not just changes
in taxonomy.

However, limited trait harmonization, high trait plasticity,
sparse long-term functional trait measurements, and scale-
dependent ecological processes have collectively constrained
our understanding of how zooplankton FD links to ecosys-
tem functioning. Relationships between FD and ecosystem
functioning may vary in direction and strength across different
spatial scales (Gonzalez et al,, 2020). A broader range of traits
may enhance complementary resource use within ecosystems,
thereby increasing ecosystem production and functioning (niche
complementarity hypothesis; McCann, 2000). Conversely, a
system could be dominated by a few dominant species meaning
production could decline or remain unchanged despite changes
in trait richness (mass-ratio hypothesis Grime, 1998). Functional
diversity is a multi-faceted concept where different indices may
relate differently to shifts in taxonomy and provide indicators as
to how ecosystem functioning might respond to these taxonomy
changes. Emerging evidence from marine plankton communities
suggests that ecosystem functioning may depend less on the total
number of traits present and more on how traits are distributed
among taxa. For example, whether species differ in body size,
teeding strategy, or trophic role, influencing resource partition-
ing, trophic interactions, and carbon export efficiency (Brun
et al, 2019; Benedetti et al,, 2025). Functional redundancy can
enhance ecosystem resilience by buffering against species loss,
decoupling species richness from ecosystem functioning so that
more species do not necessarily translate into greater functional
output (Hooper et al,, 2005 ). Functional redundancy may buffer
changes in species composition by maintaining dominant trait
combinations linked to ecosystem functioning, consistent with
the mass-ratio hypothesis (Benedetti et al, 2025). Such patterns
have started to be addressed on a global scale by Benedetti et al.
(2025), yet they remain widely unexplored on local to regional
scales.

Copepods are numerically dominant in the Northwest
Atlantic, often comprising up to 80% of total zooplankton
biomass in the area (Head et al, 2003). Copepods not only serve
as a primary energy pathway to higher trophic levels, including
commercially important fish and marine mammals (Sameoto
et al, 1994; Sorochan et al, 2019), but also play a pivotal role
in the biological carbon pump both passively in the form of
faecal pellets and actively through diel and seasonal migrations
(Jénasdaottir et al, 2015). Large copepod species belonging to
the genus Calanus are ecologically important components of
the ecosystem. These species deal with the short phytoplankton
bloom duration by accumulating energy-rich lipids which allow
individuals to diapause at depth (Record et al, 2018). Spatial
variation in the lipid content of these species can influence
the available energy requirements for higher trophic levels
(Helenius et al,, 2024). There have been significant changes in
the spatial and temporal variability in zooplankton assemblages,
driven by shifts in dominant water masses, phenological timing,
and regional circulation patterns (Johnson et al, 2011; Pepin
et al, 2015). Decreases in the abundance of some larger bodied
copepods and gradual increases in smaller bodied copepods have
been seen during warmer years. Continued shifts towards smaller
organisms could lead to less suitable prey for higher trophiclevels

or a weaker contribution of copepods to the biological carbon
pump (Becker et al, 2024). These analyses largely focused on
taxonomy and, as such, do not fully capture how observed
community shifts influence ecosystem functioning. Different
copepod species may fulfil similar or distinct ecological roles,
and changes in taxonomic composition may not translate into
changes in function, depending on trait redundancy within the
community (Severo et al,, 2026).

Building on trait-based biodiversity—ecosystem functioning
theory, we frame our expectations regarding how environmental
variability reshapes copepod community trait composition,
FD, and the ecosystem functions these traits support. First,
under the mass-ratio hypothesis, ecosystem functioning is
primarily driven by the traits of dominant taxa, such that shifts
in community weighted mean traits (e.g. body size, feeding
strategy) are expected to influence trophic transfer efficiency and
carbon export. In this context, we expect increases in smaller-
bodied, rapidly reproducing taxa to favour recycling pathways
and microbial loop dominance, whereas larger, lipid-rich taxa
should enhance carbon export efficiency. Second, functional
redundancy may buffer ecosystem functioning against species
turnover when taxa occupy similar regions of trait space. Thus,
communities with constrained trait dispersion may maintain
function despite changes in species composition. However,
dependence on a limited number of dominant functional groups
could increase vulnerability to their loss. Conversely, greater
trait dispersion may indicate increased niche differentiation
but reduced redundancy. We hypothesized that (Barton et al,
2013) environmental forcing would drive coherent shifts in
community-weighted trait composition along dominant size,
trophic, and metabolic gradients, (Beaugrand et al,, 2002) these
shifts would manifest as changes in overall FD reflecting trait
filtering and reorganization rather than simple species turnover,
and (Beaugrand ef al, 2003) regional oceanographic context
would modulate the strength and direction of these responses.
By integrating functional group composition, community-
weighted traits, and multiple facets of FD, we aimed to resolve
how bottom-up environmental controls propagate through
zooplankton trait structure to influence trophic pathways, carbon
export efficiency, and ecosystem functioning of the coastal
ecosystems within the NW Atlantic Ocean.

METHODS

The Atlantic Zone Monitoring Programme (AZMP) is a long-
term monitoring initiative designed to characterize the physical,
chemical, and biological properties of the northwest Atlantic,
with particular focus on the Canadian shelf ecosystems (Ther-
riault et al, 2002). Since 1999, the AZMP has provided an exten-
sive time series of seasonal and monthly biological observations,
including mesozooplankton, on cross-shelf transects and at fixed
stations. We focus on two monitoring stations in the Bay of
Fundy at Station Prince S (PS) and on the Scotian shelf Halifax 2
(HL2) which were sampled at regular monthly or semi-monthly
intervals between 1999 and 2021 (Fig. 1). Both time series are
situated at a similar latitude but with contrasting hydrographic
regimes. This contrast allows us to examine how copepod func-
tional traits and diversity respond to environmental variability
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Fig. 1. A map displaying the position of the two fixed sampling
stations in the bay of Fundy (PS) and on the central Scotian shelf
(HL2).

across distinct ecosystem types, from a more stratified shelf sys-
tem (HL2) to a highly productive, mixed coastal regime (PS),
and to assess the extent to which functional reorganisation is
consistent or context-dependent across these environments.

Zooplankton are collected using ring nets with a 0.75 m
mouth opening and 202 p:m mesh size which are towed vertically
from 10 m above the bottom to the surface. Bottom depth is
149 m at HL2 and 100 m at PS. Samples are preserved in a
4% solution of buffered formaldehyde. Samples are analyzed
using the AZMP protocol (Mitchell ef al,, 2002). At the time of
analysis, all organisms larger than 1 cm are separated out from the
sample, identified, counted and weighed. The remainder of the
sample is split, and halfis used to estimate abundance and species
composition in a subsample of a minimum of 200 organisms. An
additional subsample is analyzed to identify, stage, and quantify
at least 75-100 Calanus spp., or at least 150-200 Calanus spp.
if several stages and/or all species were present. Copepods are
identified to species level whenever possible, but some small,
taxonomically similar copepods such as Pseudocalanus spp. are
identified only to genus. Non-copepods are identified at either
the species, genus, or higher taxonomic level depending on
taxonomic group.

Copepod data

We focus on the copepod species collected by the AZMP due
to their ecological importance within the ecosystem and their
ubiquity within the samples, often comprising up to 80% of
the total biomass. We restricted our selection to taxa that were
collected at least once from both locations with 38 taxa being
retained, 27 of which were identified to species level. Monthly
time series of copepod abundance (number of individuals m3)
between 1999 and 2021 were created. The total number of indi-
viduals was converted into total dry weight for individual taxa
found in the trait database compiled by (Pata and Hunt, 2025).
Missing species were filled using linear body length—dry weight
relationships of available species (Supplementary Table 1).
Genus only categories comprise largely copepodite stages of
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that group. Total body lengths of these groups are estimated
by using the mean length of the copepodite stage V of the known
species of that genus weighted by the abundance of each one
(Supplementary Table 2). The total mass of a species within a
sample can be found by multiplying the dry weights of each taxon
by the total number of individuals. Of the 246 monthly values,
there were 24 and 21 missing months at HL2 and PS respectively.
Estimates of missing values were imputed by Kalman smoothing
which uses state-space time-series modelling and temporal
autocorrelation structure using the R package imputeTS (Moritz
and Bartz-Beielstein, 2017) The long-term trends were averaged
across the 12 months to produce annual abundance estimates for
each species while monthly climatologies were calculated from
the same data.

Environmental data

At each station concurrent CTD casts are performed alongside
the vertical net hauls. Water samples are selected at discrete
depths within the upper 150 m for nutrients (nitrate, silicate
and phosphate) and chlorophyll-a while temperature, salinity,
and density are obtained from the sensors onboard the CTD.
For salinity, nutrients, and temperature, average values of the
upper 50 m are used as environmental covariates. Integrated
chlorophyll-a collected at fixed depth in the upper 150 m is used
as a proxy of total phytoplankton biomass (mg m™2). Stratifica-
tion is estimated by using the potential energy anomaly (PEA)
where higher PEA equals strong stratification conditions and
vice versa. Like the copepod data, missing values were imputed
using Kalman smoothing. To focus on interannual variability
rather than the dominant seasonal cycle, we calculated standard-
ized monthly anomalies for each environmental variable rela-
tive to the long-term monthly climatology. For each calendar
month, the long-term mean was subtracted from each observa-
tion and divided by the corresponding monthly standard devia-
tion. Annual anomalies were then calculated as the mean of the
standardized monthly anomalies within each year.

Functional diversity

We selected 12 functional traits that have been routinely used
in zooplankton trait-based ecology and were compiled from
several published databases. Trait types represent different
ecological functions that include morphological (body size
and myelination), behavioural (feeding mode and dietary
preference) and life history (dormancy, spawning strategies),
according to the framework of Litchman et al. (2013). Much
of the categorical trait information were compiled from the
trait table compiled by Benedetti et al. (2025). Information
on body size, dry weights (including carbon and nitrogen) and
metabolic rates (respiration and excretion) are derived from the
trait database compiled by Pata and Hunt (2025). Respiration
and ammonium excretion rates were first temperature-corrected
from their reference measurement temperature (15°C) to
7.5°C, corresponding to the mean (0-50 m) temperature of
the study region, using a Qo formulation (Qi9 =2.0 for
respiration and 2.5 for excretion) to obtain weight specific
metabolic rates dividing by species-specific individual carbon
mass. Allometric scaling was used to estimate missing species
trait information (Supplementary Table 1). Stoichiometric ratio
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of carbon:nitrogen (C:N) was obtained from the individual dry
carbon and nitrogen weights.

To determine the functional trait space, we used a combina-
tion of individual categorical and continuous variables or fuzzy-
coded traits. These include both feeding mode and dietary strat-
egy where more than one category could be applied to an indi-
vidual taxon (e.g. Benedetti ef al,, 2023). Due to the high cor-
relation between scaled size and weight variables, only the car-
bon dry weight was used as the main body size trait. The trait
dissimilarity between species is calculated using gawdis to cal-
culate the gower index which allows for the categorisation of
fuzzy-traits.

A principal coordinate analysis (PCoA) was performed on
the dissimilarity matrix to create a multidimensional functional
trait space for the copepod community. The PCoA axes are used
to determine the functional trait space of the copepods where
closely oriented spaces are more likely to share a similar suite of
functional traits— (Mouillot et al, 2021). To evaluate the correct
number of axes used for calculating trait similarity we use the area
under the curve (AUC) for co-ranking matrices. The selected
axes k were then used to cluster taxa based on shared traits by
calculating the Euclidean distance and the silhouette method to
find the correct number of clusters. The clustered taxa represent
groups with a shared trait profile and are known as functional
groups (FG). The total biomass within each functional group
is found by summing the species within each functional trait
category at both PS and HL2. The relative contribution of each
functional group to the total biomass is shown for each year and
month at both locations.

The PCoA represents a scaled representation of the multidi-
mensional functional trait space for the entire dataset. Changes
in the annual functional trait space were calculated by finding the
annual community weighted means (CWM.Axis) for each PcoA
axis k and year y. The abundance a of all species s present for
each year y are multiplied by their PcoA axis score p, divided by
the abundance a of all species s present for each year. Distances
between each CWM year can be used to indicate the level of
similarity in the functional trait space between years with larger
distances indicating years with a greater change in trait function-
ing within the copepod community at PS and HL2.

N
CWM.Axis,, = 2ai1 GiyPik /
HhSyk 21 iy

A single combined PCoA trait space is generated for taxa
present at both PS and HL2. The FD indices are calculated
by using the same PCoA scores and the annual time series
abundances of taxa at each location. We calculate annual
indices for functional evenness (FEve—How even traits are
distributed across community), functional divergence (FDiv—
Higher values suggest species with trait extremes dominate
a community), functional dispersion (FDis—higher values
suggest species are more different from another in a community)
and functional Richness (FRic—Higher values suggest more
of the trait space is occupied by species in a community). For
continuous variables the annual community weighted mean
(CWM) is calculated while for fuzzy coded variables such as
teeding and dietary strategy the annual percentage of each trait

is calculated. Since FRic is closely coupled with the overall
species richness we calculate a standardized FRic (ses.FRic). We
randomize the matrix adopting the independent swap algorithm
which controls for year richness and species frequencies but
randomizes taxa among years (n = 999). Ses.FRic is scaled such
that values greater than 2 standard deviations indicate a signifi-
cant change in functional richness where positive values indicate
trait divergence while negative values indicate trait convergence
(Gotzenberger et al, 2012). Functional redundancy was not
quantified directly but inferred from patterns in FD indices. Low
deviations in ses.FRic and constrained functional dispersion
were interpreted as indicative of high functional redundancy,
where multiple species share similar trait combinations.

Linking functional dynamics with the local environment

The CWM. Axes represent the dominant multivariate functional
group patterns in each community. We used a redundancy
analysis (RDA) to relate the matrix of annual CWM. Axis scores
to our set of standardized environmental anomaly variables
allowing us to identify the major environmental gradients
explaining variation in functional composition. Statistical
significance of the overall RDA model, individual axes, and
terms was assessed using permutation tests, and environmental
variables that were significant or near significant (< 0.2)
contributors were retained for further modelling. These selected
predictors were incorporated into generalized additive models
(GAMs) to quantify potentially nonlinear relationships between
environmental anomalies and each CWM axis, providing a
more detailed characterization of trait—environment responses
through time. Smooth terms were estimated using thin-plate
regression splines, and the optimal number of smooth terms were
determined using shrinkage selection allowing non-informative
smoothers to be penalized towards zero and effectively excluded
from the final model. To complement this trait-space analysis, we
examined annual patterns in traditional FD indices and CWM
of traits by correlating each index with corresponding yearly
environmental anomalies. We constructed correlation-based
association networks (Pearson’s product-moment correlation)
using ggraph, where nodes represented traits and environmental
variables and edges represented significant positive or negative
correlations. These networks allowed visualization of co-varying
indices and environmental drivers, helping to identify potential
mechanistic links and dominant controls shaping long-term
functional dynamics.

These association networks were used to identify the
FD indices and CWM that most strongly associated with
environmental variability. In both time-series the CWM of
C:N ratio correlated strongly (r> % 0.9) with the CWM of
myelination, ambush, cruise and current feeding strategies and
the omnivore-herbivore trophic level group and as a result
were removed prior to constructing the association networks.
Only significant correlations (P <0.05) were represented in
the networks. These networks provided insight into whether
long-term functional change was driven primarily by shifts in
dominant traits, trait dispersion, or broader changes in functional
structure.



RESULTS

A total of 38 taxa were classed into four FG based on the hierar-
chical clustering of the first four PCoA axes (Fig. 2). The high-
est level of the dendrogram divided species based on the pres-
ence of Myelination (FG B and C) and non-myelination (FG
A and D). Subsequent grouping divides FG based on repro-
duction mode and could be defined mainly by body sizes of
individual taxa within the group, the different feeding modes
and dietary strategies. FG A: Small sac-spawning current feeding
omnivores consists of S taxa with a mean weight of 2.2 ug C
individual ~!. Taxa largely come from the Clausocalanidae and
the Temoridae families that are mainly current feeding omnivores.
FG B: Broad sized Current feeding omnivore-herbivore consists
of 10 taxa with a mean weight of 350 ug C individual ! While
there is a broad range in carbon weights individual ~! across the
groups representatives, smaller sized taxa make up less than 5%
of the biomass at both locations. Taxa are almost exclusively
current feeding species belonging to the Calaninidae and Para-
calanidae families with just over half of the species undergoing
dormancy. FG C: Small particle and mixed feeding detritivore-
omnivore consists of 10 taxa and are comprised of species from
the orders Cyclopoida and Harpacticoida which have the small-
est mean weight of 0.22ug C individual!. These taxa are all
sac-spawners and non-myelinated and are the only to include
species largely associated with sinking particle feeding and have
teeding appendages adapted to scraping detritus and microbial
biofilms. FG D: Medium broadcast omnivores consist of 13 taxa
with a mean carbon weight of 22ug C individual ~!. This group
is also varied in their approach to dormancy and DVM and
feeding strategy with similar numbers displaying the three trait
categories found in each.

FG B remained the dominant functional group throughout
the study period, accounting for the majority of copepod
biomass at both HL2 and PS (Fig. 3A, B). At HL2, all four
functional groups exhibited significant directional changes in
their relative biomass contributions between 1999 and 2020.
At PS, trajectories initially differed from those at HL2 but after
~ 2010, with both stations showing declining contributions of
FG B and increasing contributions of FG C and FG D. At HL2,
the relative biomass contribution of FG B declined from ~90%
to below 70% (R> =0.45, P < 0.001), while at P5 it declined
from ~95% to as low as 45% after 2010 (R* = 0.39, P < 0.001).
Over the same period, FG D increased from ~10% to over 25% at
HL2 (R? = 0.48, P < 0.001) and from less than 10% to as much
as 45% at PS5 (R?=0.34, P <0.001). FG C contributed less
than 1% of relative biomass at both stations in 1999 but increased
significantly to more than 5% at HL2 (R? = 0.39, P = 0.001) and
~49% at PS5 after 2010 (R?> =0.19, P = 0.024). FG A remained a
minor component (<5% of biomass), increasing slightly at HL2
(R? =0.15,P =0.04) but showing no significant temporal trend
at PS.

There were no significant differences observed in the mean
integrated chlorophyll-a at both locations (Station effect:
F=10.82, P=0.31; Fig. 3C, D). Chlorophyll-a declined signif-
icantly at both stations, although the trend was stronger and
more consistent at PS (Fy,50 =31.44, R? =0.59, P < 0.001)
than at HL2 (Fy,50 =4.68, R> =0.15, P=10.04). In contrast,
mean copepod dry-weight biomass was ~13-fold greater at
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HL2 (16 g m™3 +/— 5.7) than at PS5 (1.2 g m™3 +/—
0.67) (Station effect: F=144, P <0.001; Fig.3E, F). Total
biomass declined significantly at HL2 (F;,20 = 5.84, RZ=0.19,
P=0.02), while PS exhibited a steady decline after 2010
(F1,20 = 5.18, R = 0.22, P = 0.03). Despite long-term declines
in both, annual copepod biomass was only weakly and non-
significantly related to integrated chlorophyll-a biomass at either
station.

The multidimensional trait space of the 38 copepods is
defined by the first two PCoA axes. The plot displays the
relatedness between the species and the four FG shown in Fig. 2
and the first two axes explain 39% of the variation in the trait data
(Fig. 4A). Many of traits were represented along the PCoA axis
1 represent a size-trophic feeding gradient where negative values
represented species that were larger, current feeding omnivore-
herbivores that were more likely to undergo diapause while
positive values represented smaller taxa that were detritivore-
omnivores or particle feeders but also included a mixed cruise
or ambush feeding strategy (Fig. 4B). The PCoA axis 2 separates
two FG with taxa of approximately equal size and represents
separation of diapause strategies and cruise-feeding omnivores
from ambush-feeders. The CWM.Axes for both PS5 (red line)
and HL2 (green line) are shown within the trait space (Fig. 4A)
and expanded to show the annual progression within each time
series. Changes in both time series are strongly associated with
PCoA axis 1. For HL2, the CWM for each year is shifted more
towards negative values close to FG B. Initially the time series
shifts more towards FG B and negative values until 2008 before
turning slightly less negative in the latter half of the time series
towards FG C and FG D (Fig. 4C). At PS we see similar early
time series shifts towards negative values moving towards FG
B before a post 2010 shift back toward slightly negative values
(Fig. 4D). In contrast with HL2 the later years do shift beyond
1999 to more positive values but are more in-line with the initial
PCoA axis 1 position.

The RDA finds that 46% of the variability in CWM at HL2 and
65% of the variation at PS. There are more balanced gradients
across RDA1 and RDA2 at HL2 while a single strong gradi-
ent dominates at P5. At both locations opposing gradients in
sea temperature and chlorophyll-a versus nutrients are the most
dominant environmental patterns with the first two RDA axes.
Only RDA 1 was significant at both locations. At HL2 the most
significant terms were chlorophyll-a, phosphate, silicate and sea
temperature while at P5 chlorophyll-g, nitrate, phosphate and sea
temperature were the most significant. These variables were used
to model the first two CWM. Axes against environmental anoma-
lies using a GAM approach. Significant negative relationships
were found between silicate and nitrate for CWM. Axis1 at both
HL2 and PS5 while at PS sea temperature is also positively asso-
ciated with CWM.Axis2 (Fig. ). For CWM.Axis2 significant
positive relationships with phosphate are found at both HL2 and
PS5 while at HL2 a negative relationship with sea temperature is
also found (Fig. 5). Both the RDA and GAMs were analysed for
temporal autocorrelation in the residuals, but none were found
at either HL2 or PS.

Environmental correlations with functional indices differed
markedly between HL2 and PS. At HL2, nutrient anomalies
were positively associated with CWM C:N and negatively
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Eurytemora spp1 FG A Small sac spawning omnivores
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Paraeuchaeta norvegica o 5 FG B Large omnivore-herbivores
Scolecithricella minor— 3 (2}
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Nannocalanus minoryf 8 -‘-Do- C:N ratio 51+ 2.39
Calocalanus pavof Il @ | Q- | Respiration 6.66 + 9.2 (02 mg C" h)
A Excretion 0.27 £ 0.24 (NH4 mg C" h)
Ca/a’g‘s hyperboreus Omnivore-herbivore 90% Carnivore 10%
p—— 5 Current 80%  Cruise  20%
Calanus finmarchicus
Calanus glacialis
FG C Particle feeding omnivore-detritivore
Z bwce 0.08 + 0.09 (ug ind-")
£ S |c:Nratio 2.9+0.87
9 3 | Respiration 119+ 9.2 (02 mg C' h)
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12
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entropages spp E
Cenrrgmges /7&/7@‘113 8 DW C ug ind-! 22 +0.1 (ug ind'1)
Centropages typicus 8_ C-N ratio 34+123
Microcalant : R e
s e | 2 Respiration 9.75+3.27 (02 mg G- h)
Bepdadls samated Excretion 0.51 +£0.31 (NH4 mg C' ht)
Metridia fonga Omnivore 75% Carnivore 25%
Motridia lucens Cruise 50% Current  25% Ambush 25%
Metridia spp

Tortanus discaudatus
Pleuromamma spp
Temora longicornis

Fig. 2. A cluster dendrogram of the four functional groups based on the Gower dissimilarity using the PCoA axes. Species are coloured based on
their association with each of the four FG. The dendrogram is divided broadly between predominantly broadcast spawning (FG) and sac
spawning species (FG) and presence of myelination (FG). The mean = sd the continuous traits and, percentage occurrence of each fuzzy

coded traits within each FG is shown on the right.

associated with FDis. CWM C:N and the CWM of broadcast
spawners also decreased over time while the FDis and the CWM
of respiration increased. Temperature was not linked to changes
in FDis but was negatively associated with the CWM of C:N
and the dry weight of carbon and a positively association with
both weight specific metabolic rates (Fig. 6A). There are fewer
associations at PS between environmental anomalies and traits,
however those that are shared display the same direction (e.g.
nitrate and FDis, temperature and CWM excretion). Temper-
ature is more central at PS5, which is positively linked to FDis,
while silicate is positively linked here to the CWM of carbon
dry weight (Fig. 6B). The ses.Fric is largely stable across both
time series with much of the variation within expected variation

although there are 2 years in 2006-2007 which show significant
overdispersion at PS. FDis emerged as the most informative FD
index in our analysis. We further tested how annual changes
in species richness (ASR = SR;t;—SR;) respond to annual
changes in FDis (AFDis = FDis 4 ;—FDis;) and found a weak
correlation between both variables (r = —0.6, P=0.73). Annual
time series of each FD plots and CWM of continuous traits are
shown in (Supplementary Fig. 1). Both time-series show that
the CWM C:N ratio is negatively associated with the CWM of
ambush and cruise feeding copepods (r > —0.85) and negatively
associated with current feeding (r > 0.88) pointing to decreases
of the community C:N ratios and prevalence of current feeding.
Similarly, the herbivore dietary strategy is positively associated
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with the CWM C:N ratios (r > 0.86) pointing to an overall
decrease over time. Annual time series of each fuzzy feeding
and dietary strategy are shown in (Supplementary Fig. 2).

DISCUSSION

The application of functional trait analysis to understand the
dynamics of zooplankton communities represents a pivotal step
towards linking ecosystem processes to broader environmental
and climatic changes. We characterized the functioning of the
copepod community structure at two long standing time series
on the central Scotian shelf (HL2) and in the Bay of Fundy
(PS). Our study revealed a coherent regional redistribution of
biomass among functional groups, although the timing and mag-
nitude of responses differed between systems. The core func-
tional structure was dominated by FG B, there were clear indi-
cations that shifts in environment (i.e. nutrient decreases and
temperature increases) favoured smaller sized taxa with higher
metabolic rates (Figs 3 and 4). In addition to these common
patterns, clear regional contrasts emerged. At both HL2 and
PS5, nutrient anomalies were strongly aligned with interannual
shifts along the primary CWM axes, indicating that interannual
changes in resource availability re-organized communities along
dominant trait gradients rather than simply altering taxonomic
composition (Fig. S, Djeghri et al, 2023). Nutrient availability

appears to be a stronger predictor than phytoplankton biomass
for changes in FG composition and overall biomass (Fig. 6).
The gradual declines in copepod biomass and gradual redistribu-
tion among dominant functional groups at HL2 indicate tighter
coupling between resource variability and copepod community
structure on the Scotian Shelf, while at PS there were delayed
reductions in biomass and delayed changes in functional group
redistribution, suggesting similar ecosystem restructuring that
manifested more slowly in the Bay of Fundy.

Changes in environmental conditions post-2010

The contrasting responses between HL2 and PS likely reflect
broader regional oceanographic changes that intensified across
the Northwest Atlantic after ~2010 (Meyer-Gutbrod et al,
2021). This period has been associated with a major reorganiza-
tion of Gulf of Maine and Scotian Shelf hydrography, including
increased influence of Warm Slope Water, rapid regional
warming, altered stratification, and reduced nutrient inventories
(Pershing etal,2015; Record et al,, 2019; Lehmann et al,, 2023;
Casault et al, 2024). HL2 represents a more advective outer
shelf environment strongly coupled to basin-scale circulation
and slope water inflows, where these oceanographic shifts
likely reduced the persistence of large oceanic calanoids and
favored smaller, faster-growing taxa associated with warmer
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and more recycled production pathways. At HL2, nutrient
anomalies, particularly nitrate and silicate, showed strong
negative trends through time. This coincided with increases
in functional dispersion (FDis), declining CWM body size
and C:N ratios, and increasing weight-specific metabolic rates,
indicating an increase in the relative importance of different FG
rather than simple taxonomic turnover (Djeghri ef al, 2023;
Pata et al, 2025). These patterns are consistent with broader
regional observations of post-2010 zooplankton reorganization
in the Gulf of Maine, where declines in large lipid-rich Calanus
finmarchicus were accompanied by increases in smaller copepod
taxa, greater mesozooplankton diversity and a decline in total
biomass under warmer conditions (Pershing et al, 2021; Runge
et al, 2025). In contrast, PS is embedded within the highly
mixed Bay of Fundy system, where tidal mixing partially buffers
stratification and nutrient depletion, and where environmental
variability is more episodic and strongly linked to interannual
fluctuations in Gulf of Maine inflows and regional warming

events (Greene et al,, 2013; Pershing et al,, 2015). Although both
systems exhibited similar environmental-trait relationships, the
magnitude and persistence of functional restructuring were
therefore substantially greater at HL2, suggesting that outer
shelf copepod communities may be more sensitive to long-term
hydrographic and nutrient-driven ecosystem change than tidally
mixed coastal systems (Ji et al, 2022; Runge et al.,, 2025).

Links between functional groups, biomass and
environmental anomalies

The total copepod biomass was on average substantially higher
at HL2 than at PS. However, declines in FG B at HL2 coincided
with reductions in total biomass and increasing FDis, suggesting
that biomass was redistributed across a wider range of trait
combinations rather than maintained within dominant large-
bodied taxa. This pattern supports the mass-ratio hypothesis,
whereby ecosystem functioning is disproportionately driven
by the traits of dominant taxa rather than overall richness
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or diversity (Benedetti et al, 2025). In these systems, the
large, myelinated lipid-rich Calanus complex tends to dominate
(Brandao et al, 2021) and contributes substantially to trophic

transfer efficiency and carbon export through high biomass,
elevated C:N ratios, and production of large fast-sinking fecal
pellets (Melle et al, 2015; Steinberg and Landry, 2017). The
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observed decline in CWM body size and C:N ratio, together
with increasing metabolic rates and FDis, is consistent with a
reduced dominance of the large-bodied, lipid-rich FG B and
an increased relative contribution of smaller functional groups
exhibiting higher mass-specific metabolic rates and broader
trophic strategies. (Kiorboe, 2011; Prowe et al,, 2019; Benedetti
etal, 2025).

The relationships between copepod functional structure and
environmental variability differed substantially between HL2
and PS, highlighting the importance of regional hydrographic
context in shaping ecosystem responses. While both systems
exhibited interannual variability in community weighted mean
(CWM) traits and functional indices, long-term directional
change was more pronounced at HL2 on the Scotian Shelf than
at the tidally mixed Bay of Fundy station PS5. This contrast
likely reflects differences in both oceanographic forcing and
the underlying composition of dominant copepod assemblages
(Head and Pepin, 2010; Johnson et al,, 2011; Record et al,, 2019).
FG B remained the dominant contributor to copepod biomass
throughout the time series at both HL2 and PS5, although its rel-
ative biomass declined significantly at HL2 alongside increases
in all other functional groups. The species composition within
FG B did not shift substantially through time within either time-
series, although the dominant taxa differed between them. At PS,
FG B was largely represented by C. finmarchicus, which may ini-
tially have buffered declines in total FG B biomass. However, the
eventual post-2010 reductions in FG B and concurrent increases
in FG C and D suggest that this resistance weakened over time
as warming and changing Gulf of Maine inflows increasingly
altered Bay of Fundy ecosystem structure (Dullaert et al,, 2026).
At HL2, biomass was shared more evenly among the different
congeners of Calanus spp. which have known differences in
their niches, phenologies, and advective sources (Freer et al,
2022; Supplementary Fig. 3). Shifts in hydrographic forcing and
nutrient supply at HL2 may have disproportionately altered the
balance among these co-occurring large calanoids, contributing
to the marked decline, whereas the more stable dominance
of C. finmarchicus at PS likely buffered comparable biomass
losses.

While reproduction mode and myelination formed distinct
FG similar to groups defined more broadly (Fig. 2; Benedetti
et al, 2023), myelinated species are more likely to be broadcast
spawning omnivores-herbivores (Becker et al, 2021) due to the
role of myelination in predator avoidance and lipid accumulation
(Lenz,2012). Here we see that the CWM of these traits covaries
quite strongly and decrease over time suggesting that the decline
of large lipid-rich calanoid taxa simultaneously reduced multiple
linked life-history and behavioural strategies, rather than inde-
pendently restructuring each trait dimension (Benedetti ef al,
2025). We see also that the observed shift from current-feeding
to cruise- and ambush-feeding strategies suggests increasing
reliance on motile prey and regenerated production pathways
rather than direct exploitation of large bloom-forming phyto-
plankton (Castellani et al,, 2005; Supplementary Fig. 2). Current
teeders are typically linked to efficient exploitation of spring
diatom blooms and enhanced vertical carbon export, whereas
ambush and cruise feeders are more closely associated with
microbial-loop and recycling-dominated food webs (Kiorboe,

2011; Prowe et al, 2019). The strong correlation between
feeding strategy composition and the CWM C:N ratio suggests
that changes in trophic functioning and carbon cycling were
tightly coupled to shifts in dominant feeding behaviours rather
than simply body size alone (Heneghan et al, 2020). The
combined decline in total copepod biomass at HL2, coupled
with a steady decline of FG B type taxa toward smaller, varied diet
FG suggests not only areduction in overall secondary production
but a potential re-organisation of energy flow. Increases in FDis
and a reduction in FG B dominance and an increase in the FG
importance which represent a wider range of trait combinations,
rather than an increase in total production, and are consistent
with a shift away from a Calanus-dominated functional structure
(Dullaert et al, 2026). Previous trait-based studies suggest
that chlorophyll or productivity gradients primarily enhance
copepod biomass and herbivorous trophic pathways, whereas
nutrient and hydrographic gradients more strongly structure
functional composition, trophic organisation and ecosystem
functioning (Nutrient availability influences more than just
phytoplankton biomass but also their size structure, taxonomic
composition, bloom phenology, and trophic pathways, which
ultimately determine copepod functional composition Tang
et al, 2022; Huggett et al, 2023; Severo et al,, 2026). Despite
significant declines in chlorophyll-a at both stations, particularly
at PS5, these changes were not directly coupled to declines in
total copepod biomass. This apparent decoupling suggests that
copepod community structure may respond more strongly to
changes in phytoplankton composition, bloom timing, and
trophic pathway structure than to bulk phytoplankton biomass
alone (Djeghri et al, 2023).

Functional traits and ecosystem functioning

Our results do not indicate a complete replacement of FG B by
other FG, but rather a redistribution of relative biomass among
them (Fig. 4). FG D, which is the second most important FG
and is composed of smaller omnivorous taxa such as Acartia,
Metridia, and Centropages, increases over time while FG B
declines. These taxa are associated with higher metabolic rates,
broader diets, and greater coupling to regenerated production
pathways (Moller et al, 2007; Saba et al, 2009). While the
relative biomass of FG C is small, species such as Oithona
spp. that comprise this FG are significantly underestimated
by traditional net sampling with > 200 ;«m mesh (Gallienne
and Robins, 2001; Dahms et al, 2015). The increases in
both FG C and D suggest a retention of organic matter in
the upper water column leading to increased microbial loop
coupling, and reduced export efficiency (Pomeroy et al,
2007; Turner, 2015). Environmental conditions favouring
this redistribution likely include reduced nutrient inventories,
warmer surface waters, enhanced stratification, and weaker
bloom intensity, all of which are expected to promote smaller
phytoplankton and more microbial-loop dominated food webs
(Moran et al, 2017).

The observed negative relationship between temperature and
copepod body size is consistent with broader evidence that
warming promotes smaller-bodied, faster-growing taxa with
higher metabolic demands (Campbell et al,, 2021; Tang ef al,
2022). Increases in mass-specific respiration and excretion rates
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turther support this interpretation. However, these responses
likely reflect both direct physiological constraints and indirect
ecological mechanisms, including altered phytoplankton size
structure, phenological mismatch, and changing predation
pressure (Wiebe et al, 2022; Pershing and Kemberling, 2024).
Such mechanisms appear particularly important in the Gulf of
Maine-Bay of Fundy region, where recent warming has been
associated with declines in late-stage C. finmarchicus, altered
phenology, and reduced prey availability for higher trophic levels
(Evans et al,, 2025).

Despite directional shifts in community weighted mean
traits and functional group composition, changes in FRic and
FDis with respect to species richness were largely insignificant,
indicating that the volume of occupied functional space largely
tracked richness-based expectations (Supplementary Fig. 1).
Increases in FDis therefore reflected redistribution of biomass
away from dominant large-calanoid traits toward previously
less important omnivorous and recycling-associated strategies
already present within the regional species pool. The persistence
of non-significant ses.FRic at HL2 implies that functional
redundancy remained relatively high despite gradual changes
in ecosystem functioning and trophic structure (Tang et al,
2022; Benedetti et al,, 2025). Elevated ses.FRic, particularly at
PS between 2006 and 2007, coincides with the timing of the
changes in relative FG abundances and may indicate temporary
weakening of dominant bloom-associated pathways under
episodic environmental events.

Opverall, the stronger long-term restructuring observed at HL2
compared with PS5 suggests that cold-temperate outer shelf sys-
tems retaining substantial subarctic large-calanoid influence may
be more sensitive to climate-driven ecosystem reorganization
than already temperate tidally mixed shelf systems (Ji et al,, 2017;
Ji et al, 2022). These results also highlight the importance of
scale when interpreting trait-based patterns. While global studies
often report strong latitudinal gradients in FD and ecosystem
functioning, local and regional systems such as HL2 and P35
may exhibit comparatively stable functional composition due to
more constrained species pool and gradients (Mouillot ef al,
2013; Zhang et al, 2021; Tang ef al, 2022). Regardless, even
within these relatively localized systems, changes in dominant
trait combinations and biomass structure reveal the sensitivity of
shelf systems to significant changes in ecosystem functioning.

Use in future modelling

Representing zooplankton as one or two size-based grazing
compartments is unlikely to capture the ecosystem dynamics
observed on the Scotian Shelf and Bay of Fundy (Mitra, 2009).
Comparisons between biogeochemical models and in-situ data in
temperate ecosystems reveal similar seasonal patterns albeit with
significantly reduced biomass (McGinty et al, 2023). Our results
support the growing view that a limited number of trait-defined
functional groups disproportionately regulate trophic transfer
and carbon cycling (Benedetti et al, 2025). Large lipid-rich
calanoids (FG B), strongly structured community biomass and
traits linked to export potential, including body size, metabolic
scaling, and C:N stoichiometry. Zooplankton are often treated
as stoichiometrically homeostatic (Hébert et al,, 2016), yet this
assumption masks meaningful variability at the community level.
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Changes in the phytoplankton and zooplankton C:N alter the
balance between carbon assimilation, nitrogen retention, and
excretion (Sterner and Elser, 2009; Sauterey and Ward, 2022).
These shifts can propagate through the food web, modifying
nutrient recycling rates, trophic transfer efficiency, and carbon
export, altering both nitrogen regeneration pathways and the
strength of the biological carbon pump (Stukel ef al,, 2022).

These findings directly address challenges highlighted in the
recent modelling literature, which identifies zooplankton grazing
as one of the largest uncertainties in CMIP6 marine carbon cycle
projections (Rohr ef al,, 2023). Our results suggest that incor-
porating a small number of functionally distinct zooplankton
compartments centered around species that comprise FG B may
substantially improve regional biogeochemical models without
requiring full species-level complexity.

CONCLUSION

Our analysis demonstrates that long-term changes in copepod
community structure on the central Scotian Shelf (HL2) and
in the Bay of Fundy (PS) reflect not simply taxonomic shifts,
but also reorganization of functional trait space with important
implications for ecosystem functioning. Across both regions,
decreases in nutrients and increases in temperature acted as
primary filters on community weighted means (CWM) of
functional traits. While HL2 exhibited a progressive, nutrient-
linked restructuring coupled to declining body size and C:N
ratios, PS showed stronger temperature—trait coupling with a
delayed temporal response that begins ~2010. The increase
in functional dispersion points to a shift away from large, lipid-
rich, export-efficient Calanus taxa toward smaller omnivorous
or detrital feeders. These ecosystems are characterized by
fewer larger sized species with low trait dispersion. Therefore,
increases in trait dispersion suggest a decline in trait fitness more
consistent with the mass-ratio hypothesis than with enhanced
niche complementarity. This shift mirrors broader latitudinal
and basin-scale gradients found elsewhere, particularly along
thermal (Pata ef al, 2025) and productivity gradients (Benedetti
et al, 2025). Combined with the CWM of each PCoA axis,
these results indicate a transition from a diatom-calanoid-
fish pathway toward a more recycling-oriented, microbially
coupled system, with implications for carbon export efficiency
and trophic transfer. Ultimately, detecting and interpreting
long term community shifts through functional traits, rather
than taxonomy alone, provides greater insight about how
environmentally driven community changes can alter overall
ecosystem functioning.
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