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Abstract
Imaging techniques are increasingly used in ecology studies, producing vast quantities of data. Inferring func-

tional traits from individual images can provide original insights on ecosystem processes. Morphological traits are,
as other functional traits, individual characteristics influencing an organism’s fitness. We measured them from in
situ image data to study an Arctic zooplankton community during sea ice break-up. Morphological descriptors
(e.g., area, lightness, complexity) were automatically measured on � 28,000 individual copepod images from a
high-resolution underwater camera deployed at more than 150 sampling sites across the ice-edge. A statistically-
defined morphological space allowed synthesizing morphological information into interpretable and continuous
traits (size, opacity, and appendages visibility). This novel approach provides theoretical and methodological
advantages because it gives access to both inter- and intra-specific variability by automatically analyzing a large
dataset of individual images. The spatial distribution of morphological traits revealed that large copepods are asso-
ciated with ice-covered waters, while open waters host smaller individuals. In those ice-free waters, copepods also
seem to feed more actively, as suggested by the increased visibility of their appendages. These traits distributions
are likely explained by bottom-up control: high phytoplankton concentrations in the well-lit open waters encour-
ages individuals to actively feed and stimulates the development of small copepod stages. Furthermore, copepods
located at the ice edge were opaquer, presumably because of full guts or an increase in red pigmentation. Our mor-
phological trait-based approach revealed ecological patterns that would have been inaccessible otherwise, includ-
ing color and posture variations of copepods associated with ice-edge environments in Arctic ecosystems.

Functional traits are any features—morphological, physio-
logical, etc—measurable at the individual-level and affecting
the fitness of the organism (Violle et al. 2007). They can be
classified according to the ecological function that they influ-
ence, such as feeding, growth, reproduction, and survival
(Litchman et al. 2013). Trait-based approaches appeared
in plant ecology in the 70s (Grime 1974) and stated being
used by aquatic ecologists in the early 2000s (Willby et al.

2000; Usseglio-Polatera et al. 2000; Benedetti et al. 2016;
Martini et al. (in press)). Trait-based analyses are relevant in
community ecology because an individual’s set of traits
given environment determines its success (Violle et al. 2007).
Ecological interactions (predation, mutualism, etc.) happen
between individuals, not between taxonomic groups. There-
fore, using trait composition can simplify the analysis of
ecosystem complexity by focusing on a few characteristics
transcending taxonomic distinctions and impacting ecological
strategies (Litchman et al. 2013). By studying the composition
and distribution of individual traits in an ecosystem, its struc-
ture and dominant processes can emerge from individual
properties (Kiørboe et al. 2018). In zooplankton communities,
for example, body length can influence secondary productiv-
ity and feeding mode can modify nutrients and energy trans-
fers (Hébert et al. 2017).

Brun et al. (2019) demonstrated that over the past 55 years,
climate change has altered zooplankton-fueled carbon export
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by changing the distribution of large-bodied individuals. Their
study quantitatively linked shifts in individual properties
(body size) and ecosystem functioning (carbon cycling). It
shows how modulation in trait composition due to anthropo-
genic or natural perturbations could impact the ability of eco-
systems to provide goods and services to human societies
(Mouillot et al. 2013). More generally, trait-based approaches
represent a way to focus on continuous, quantitative descrip-
tors of fitness components (size spectrum, feeding intensity,
etc.) rather than a set of discrete species; these metrics can
more easily highlight subtle gradients and rates of change. As
recommended by Mcgill et al. (2006), with functional trait
measurements ecology can move from research questions cen-
tered around “How many species and why?” to ones focused
on “How much variation in traits and why?”

Our study aims to answer the latter question for the copepod
community during ice break up in an Arctic environment using
a statistical description of body shapes (“morphometrics,”
Caillon et al. 2018). Sea ice melt is the primary driver of the
spring phytoplankton bloom (Perrette et al. 2011). This intense
pulse of primary production is partly captured by zooplankton
that convert it into energy-rich lipid stores, fueling the whole
trophic network all year long (Berge et al. 2012). In Arctic envi-
ronments, zooplankton communities are dominated by only a
few copepod species. Many of them share ecological characteris-
tics, like feeding mode and ontogenetic migration, while pre-
senting a continuum of morphological traits, such as size or
lipid content, which are key drivers of ecosystem functioning
(Schmid et al. 2018; Renaud et al. 2018). As a hub of matter and
energy, these copepods hold a key trophic position in arctic eco-
systems and have a crucial role in the oceanic carbon pump
because of their vertical migrations (Falk-Petersen et al. 2009;
Turner 2015). By studying copepods with trait-based
approaches, we aim to reveal new aspects of ecological processes
occurring during the phytoplankton ice-edge spring bloom.

To achieve this objective, we sought to quantify individual
traits of copepods. A powerful way to capture such traits is by
analyzing in situ images (Picheral et al. 2010; Schmid
et al. 2016). Modern devices can image thousands of individ-
uals in their immediate environment while simultaneously
measuring physical and biological variables like temperature
or fluorescence. Morphological traits that bear on ecological
functions can be directly measured from each individual,
yielding quantitative information on anatomical aspects (size,
shape or transparency), and allowing to infer physiological or
behavioral status (e.g., presence of lipid stores, prey encounter
rate through the volume occupied by tentacles of cnidarian;
Schmid et al. 2018; Ohman et al. 2019). Indeed, morphologi-
cal approaches have been shown to be an objective and
practical way of explaining patterns of functional variability,
in phytoplankton and fishes (Kruk et al. 2010; Caillon
et al. 2018). We hypothesize that traits of copepods will vary
between the eastern and western sides of Baffin Bay as a func-
tion of water mass properties and seasonality in the surface

layer. To assess the environmental influence on copepod trait
distribution, we will answer the following questions: (1) Which
traits can be objectively quantified on individual copepods
from in situ images? (2) Can we detect the influence of the
spatio-temporal dynamics of ice melt and water mass
properties on trait distribution? (3) What are the ecological
implications of such variations?

Materials and methods
GreenEdge expedition in Baffin Bay

We collected image data in Baffin Bay, a marginal Arctic sea
located between Greenland and Canada, that is characterized
by typical pan-Arctic environmental gradients (Tang et al.
2004). Water masses in the east and west of the bay have differ-
ent origins and properties, creating strong gradients and
influencing sea-ice formation and melt (Fig. 1). The Bay is par-
ticularly sensitive to climate change, with significant warming
of Atlantic waters and freshening of Arctic waters measured
between 1916 and 2003 (Zweng and Münchow 2006). The
GreenEdge campaign took place aboard the CCGS Amundsen in
June and July 2016. The cruise’s main objective was to study
the fate of organic matter newly produced during the transition
period of ice break-up in spring/summer. The 163 sampling sta-
tions considered in this study were distributed along seven lon-
gitudinal transects crossing the ice edge (Fig. 1).

Fig. 1. Sampling map of the GreenEdge cruise across the ice edge in Baf-
fin Bay. Baffin Bay is a marginal Arctic Sea where the southward-flowing
Baffin current carries cold, low salinity waters (blue arrows). The
northward-flowing West Greenland Slope Current carries warmer and salt-
ier water originating in the Atlantic (red arrows). Each point on the map is
a station colored according to the sampling date (between the 9th of
June and the 10th of July) and of size proportional to the concentration of
sea ice at the time of sampling.
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Baffin Bay is covered by sea ice most of the year, except in
August and September. In 2016, sea ice started to melt around
the 10th of June in the sampling area and progressively dis-
appeared, from east to west, at a rate of about 3.5 km d−1

(Randelhoff et al. 2019). As soon as snow on sea ice melts, and
melt ponds form, the penetration of light allows for the start of
primary production underneath it (Fortier et al. 2002; Arrigo
et al. 2014; Oziel et al. 2019). Phytoplankton blooms generally
develop a few days before (under sea ice) or after (in open
waters) breakup (Randelhoff et al. 2019; Oziel et al. 2019). The
sea ice gradually melted from east to west, illustrated by the
strong east/west ice gradient along the three southern tran-
sects. However, by the time the ship navigated along transects,
the three northern ones became almost ice-free (Fig. 1).

Sampling
In situ high-resolution imaging system: UVP5

The 5th version of the Underwater Vision Profiler (UVP5)
was developed to image marine snow and zooplankton in situ
and quantify their vertical distribution (Picheral et al. 2010).
In the present study, it was mounted on the CTD-rosette so
each image is associated with the environmental variables at
coincident sampling locations. The UVP5 was set to acquire
images at a frequency of 20 Hz which yields a typical sampling
rate of 22.1 ± 9 images/m (� 1 image every 5 cm). Each
22 × 18 × 0.35 cm image sampled a 1.02 liter volume of sea-
water, with a resolution of 0.088 mm pixel‑1. The on-board
computer automatically segmented and saved objects with an
Equivalent Spherical Diameter (ESD) > 850 μm. Morphological
descriptors (size, gray level distribution, etc.) were calculated
for each object/individual in postprocessing with the
ZooProcess software (Gorsky et al. 2010). Images, their meta-
data, and morphological descriptors were stored in the
EcoTaxa web application (https://ecotaxa.obs-vlfr.fr/; Picheral
et al. 2017). Morphological descriptors were used to train a
random forest (RF) algorithm (Breiman 2001) that suggested a
taxonomic classification for each object, which was then vali-
dated or corrected by a human annotator (the same user
sorted 85% of the data but 9 others contributed). 1.2 M images
were classified into 36 final categories (Supporting Informa-
tion Table S1). Of these 1.2 M images, detritus, badfocus and
fibers accounted for 96% of the data and are not considered
here. The remain data is comprised of living organisms
(45,883 images), of which 83% were copepods. We kept only
copepod images taken in the surface layer described hereafter,
where they accounted for more than 90% of organisms.

Environmental data
An instrument package containing a Conductivity-Tempera-

ture-Depth profiler (CTD, Seabird SBE-911), a Seapoint SCF fluo-
rimeter, an oxygen optode (Seabrid, SBE 43) and a nitrate sensor
(Satlantic, MBARI-ISUS) was deployed at each station to measure
temperature (�C), potential temperature (�C), salinity (PSU),
potential density (kg m−3), dissolved oxygen concentration

(ml L−1), nitrate concentration (mmol m−3), and chlorophyll
a (Chl a) concentration (mg m−3, estimated by fluorescence)
(Lévesque et al., 2015; Bruyant et al., in prep.). Profile deepest
points range between 117 and 2130 m, with a median depth of
360 m. All profiles were averaged at 1 m bin intervals to reduce
noise. Spurious outliers were detected as anomalies to a moving
median and removed. Missing values were inferred through an
iterative Principal Component Analysis (Josse and Husson 2012).
Several variables describing the structure of the water column
were derived from each profile: pycnocline depth (depth of the
maximum of the standard deviation calculated on a centered
and weighted moving window of 41 m along the profile), stratifi-
cation index (difference between the average value of the surface
density at 2–5 m and at 40–50 m). At each station, 8–10 Niskin
bottles collected water for phytoplanktonic pigment analysis.
Sample depths were typically every 5 m between 0 and 30 m,
and every 10 m between 30 and 100 m, though there was some
minor variation between profiles. Pigments were extracted
immediately after sampling, preserved, and quantified via High
Performance Liquid Chromatography (HPLC) according to Ras
et al. (2008). The depth of the sub-surface Chl a maximum
(SCM) was then estimated from the HPLC data. Finally, we used
ice concentration estimates derived from the AMSR2 satellite
sensor data on a 3.125 km grid for each station location between
2016/03/01 and 2016/07/14 (Beitsch et al. 2014; Kaleschke and
Tian-Kunze 2016).

We focused our study on the upper water column because
(1) ice melt will mostly influence surface waters, (2) algal
bloom occur in surface waters, (3) copepods are mostly located
close to the surface to feed in the spring/summer period
(Williams and Poulet 1986; Helaouët and Beaugrand 2007). We
vertically segmented the water column by dividing the temper-
ature profiles into six layers: warm surface layer, transition
layer, cold intermediate layer, deep thermocline layer, deep
cooling layer and deep stable layer (Fig. S1 for more details).
Then, a PCA was performed on all planktonic concentrations
obtained from UVP images in each layer to characterize the
organismal distribution in the water column. Copepods were
dominant close to the surface and were mainly associated with
the three upper layers: warm, transition and cold intermediate
layers (Fig. S1). Consequently, these layers were merged to
define an ecologically coherent surface layer whose bottom is
the depth of the cold intermediate layer; the deepest point
where the temperature is 0.3�C warmer than the minimum of
the profile. This surface layer has a mean depth of 101.7 m
(min = 52 m, max = 227 m) and is systematically deeper in the
Arctic-influenced and ice-covered part of the Bay. Finally, this
layer always contains the sub-surface Chl a maximum.

Numerical analysis
Environmental gradients

To describe the physical and biogeochemical conditions in
the surface layer, we carried out a PCA (Legendre and Legen-
dre 2012) on: (1) temperature, salinity, oxygen, nitrate and
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Chl a concentration averaged in the surface layer, (2) the vari-
ables derived to describe the structure of the water column
(stratification index, pycnocline depth, sub-surface Chl
a maximum (SCM) depth), (3) ice concentration (at the time
of sampling and averaged over the cruise period), and (4) Open
Water Days (OWD). OWD is the number of days a location
has been free of ice (positive values) or, conversely how many
days until the location thaws (negative values) (Randelhoff
et al. 2019). After the PCA, the 163 stations were clustered by
hierarchical classification carried out on the coordinates on
the first three principal components, using a Euclidean dis-
tance and a synoptic Ward linkage (Murtagh and Legen-
dre 2014). A threshold was set based on the aspect of the tree,
hence defining groups of stations within which the aforemen-
tioned variables were homogeneous.

Construction of a multivariate morphological space from
zooplankton images

To summarize the morphological characteristics of each
object captured by the UVP, a morphological space was defined
by performing a PCA on a selection of morphological descrip-
tors (Supporting Information Table S2). The number of met-
rics for each trait were limited to 3–5 descriptors by removing
correlated descriptors to avoid over-representing any particular
aspect. All � 28,000 copepods images located in the surface
layer were used to construct this multivariate space. The
descriptors were normalized by the Box-Cox transformation
(Asar et al. 2017) to satisfy the conditions for PCA application.
Axes were considered significant only if their associated eigen-
value was greater than the average of all the eigenvalues
(Kaiser-Guttman criterion; Cattell 1966). The position of each
plankton image in the space is thus a function of its morphol-
ogy. To ease interpretation of the axes, example images were
mapped to their position in the morphological space as fol-
lows: for each pair of principal components (i.e., PC1 vs PC2
or PC3 vs PC4) a grid was defined and eight images were ran-
domly chosen and superposed at each node of the grid. The
coordinates of this reduced morphological space (taking into
account only the significant axes) are then used as synthetic,
highly informative morphological traits for further analysis.

Traits and environmental gradients
To interpret variations of morphological traits along envi-

ronmental gradients, objects coordinates on significant PC
axes were averaged by station in the surface layer. Variations
of traits in space were statistically interpolated by kriging. As
each station belongs to one environmental cluster, it was also
possible to compare values of traits between environmental
clusters using a box plot representation, ANOVA and post-hoc
statistical tests.

Numerical tools
All statistical analyses were conducted in the programming

environment R 3.5.3 (R Core Team 2019). The package castr
was used to clean vertical environmental profiles (https://

github.com/jiho/castr), car for Box-Cox transformation
(Weisberg and Fox 2018), FactoMineR (Lê et al. 2008) and
vegan (Oksanen et al. 2007) for multivariate analysis, tidyverse
(Wickham et al. 2019) for data manipulations and graphics,
morphr (https://github.com/jiho/morphr) for images represen-
tation in the morphological space and finally gstats
(Pebesma 2004) and fields (Nychka et al. 2017) for statistical
interpolations. All data (including images) and codes are avail-
able in Supporting Information.

Results
Environmental gradients and seasonality

The first PCA on environmental variables revealed that PC1
is mostly structured by mean ice concentration, mean temper-
ature and Open Water Days (Fig. 2). It separates cold, ice-
covered waters to the west and warmer open waters to the
east. PC2 has large, opposing contributions from pycnocline
depth and stratification index, highlighting stations that are
strongly stratified by the recent ice melt. Together, the princi-
pal components yielded three distinct clusters of stations. Sta-
tions from the western, ice covered, cluster are strongly
influenced by the Baffin Current; nitrate concentration is high
(> 8 mmol m−3) and Chl a concentration is low. Stations from
the eastern side, in open waters, are influenced by the rela-
tively saltier and warmer Atlantic Current. At these stations,
phytoplankton are abundant (high mean Chl
a concentrations), the depth of the sub-surface Chl
a maximum (SCM) increases from west to east (25–60 m), and
nitrate concentration is relatively low indicating that the
bloom is ending. The third cluster includes stations where ice
has recently melted and are geographically spread along a cen-
tral zone in the bay, larger on northern transects because of
the timing of sampling (cf. Fig. 1). They are characterized by
intermediate values of temperature, Chl a, and nitrate concen-
trations and a shallow Chl a maximum: the bloom is just
starting, close to the surface.

Multivariate morphological space from zooplankton
images

There were four significant axes describing the morphologi-
cal space (Fig. 3). We assigned names to these four Principal
Components to aid interpretation. We summarize the biologi-
cal meaning of the various descriptors combined into one PC
and define synthetic morphological traits. PC4, for example,
broadly describes “complexity of shape/visibility of append-
ages” (Fig. 3b): bilateral symmetry is enhanced by visible
antennae; circularity is higher when the prosome shape is not
altered by visible appendages; gray levels variations are more
important if there is contrast between the body and append-
ages; and so on. Image descriptors related to the organisms’
size (e.g. major axis length, perimeter, area) contribute to PC1
and explain 36.4% of the variance (Fig. 3a). PC2 explains
25.9% of variance and is influenced by the opacity – how dark
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Fig. 3. Morphological space of copepods’ UVP images. The four significant axes of a PCA performed on morphological descriptors are represented: PC1
and PC2 in (a), PC3 and PC4 in (b). For each factorial plane, morphotypes are represented according to their coordinates in the morphological space: A
grid was defined and eight images close to the factorial plane considered were randomly selected, aligned and superimposed at each node of the grid
for visualization. Definitions of morphological descriptors are presented in Table S2; code used to project images in the morphological space is available
(morphr package, https://github.com/jiho/morphr).
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they appear in UVP images—of organisms. PC3 (16.9% of vari-
ance) quantifies the elongation of the organisms (Fig. 3b).
Finally, PC4 (9.7% of variance) was interpreted as the visibility
of appendages, as explained above. In our dataset, variations
of elongation (PC3) can be explained by copepods’ orientation

variability on images. A copepod imaged laterally or dorsally
will appear longer (PC3 > 0) than a one seen from the front or
the back (PC3 < 0). Although PC3 describes variations that are
important within the dataset, we can make the reasonable
assumption that orientation of individuals is either random or

Fig. 4. Morphological traits distribution in Baffin Bay. Kriging of each station’s average coordinates on PC1, PC2, and PC4 of copepods images from the
surface layer. PC1 reflects individual size, PC2 opacity, and PC4 perimeter complexity (visibility of appendages). To illustrate “extreme” morphologies that
drive the average PC value of a station, 36 images were randomly selected within the 10% highest or lowest along each PC and displayed on the sides.
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slightly, but consistently, biased by the nominal flow gener-
ated by the UVP while sampling the water column. We will
thus ignore PC3 for further analyses as there is no reason to
link orientation relative to the camera with a specific ecologi-
cal interpretation.

Distribution of morphological traits in Baffin Bay
The spatially interpolated PC values between each station

revealed the spatial distribution of the size, opacity, and
appendage visibility traits of copepods in Baffin Bay (Fig. 4).
Since hundreds of images are available at each station, the
computation of the mean value of each PC trait is statistically
robust and allows us to illustrate the spatial distribution of
dominant morphologies in the Bay. Copepods are typically
larger (PC1) in western stations influenced by colder, fresher
and ice-covered Arctic waters than in eastern stations where
ice has already melted. Copepods present in the center of the
Bay are generally opaquer in the UVP images as compared to
copepods sampled at peripheral stations (PC2). Finally, it
appears that more individuals have a complex perimeter with
visible appendages in the east relative to western stations
(PC4). In particular, large western copepods often have anten-
nas folded along their body, whereas the smaller individuals
in the east are imaged with extended antennae and pereio-
pods deployed.

Traits and environmental characteristics
The spatial patterns in copepod morphological traits are

confirmed by one-way ANOVA and post-hoc tests on the

average trait values according to the environmental clustering
(Fig. 5). Size (PC1) and appendage visibility (PC4) differ signifi-
cantly between the three clusters with a gradient from western
to eastern clusters (Fig. 5a,c). Water temperature and ice con-
centration were the most important factors influencing the
environmental clustering and could impact the size distribu-
tion. Appendage visibility (PC4) is significantly higher at the
transition zone and in open waters where phytoplankton are
present. Finally, the opacity of copepods (PC2, Fig. 5b) is sig-
nificantly higher in the transition zone characterized by
recent ice melt and a shallow bloom.

Discussion
Benefits of morphological trait-based approach from
individual in situ images

We combined individual-based imagery and multivariate
statistical analysis to implement a morphological trait-based
approach to zooplankton ecology. The combination of these
techniques allowed us to analyze many more profiles
(N = 163) than would be possible with conventional net or
pump sampling. The acquisition of large datasets—typically
thousands of images per cast—enabled statistically robust
descriptions of trends of morphological traits. This novel
description of the ecosystem allowed us to infer community
structure and functioning from individual properties. More-
over, this approach offers a continuous representation of
traits, which has benefits in comparison to discrete traits espe-
cially for further numerical analyses (Mcgill et al. 2006).
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In our study, the four significant PC axes of our morpho-
logical space explained 90% of the variance of the numerical
descriptors of individual images and showed clear signals
along environmental gradients. The ever-increasing produc-
tion of images for plankton ecology paves the way for mor-
phological trait-based studies that should provide original
insights on ecosystem functioning. Many imaging devices
already use morphological features to perform taxonomical
classification of individuals (IFCB, Sosik and Olson 2007;
FlowCam, Sieracki et al. 1998; LOKI, Schmid et al. 2016;
ZooScan, Gorsky et al. 2010; Zooglider, Ellen et al. 2019).
Freshwater and marine plankton morphology measured with
such image processing methods could be easily analyzed using
our approach.

The actual outcome of such analyses is highly dependent
on the pixel resolution of the imaging system. In this study,
we analyzed images of large Arctic zooplankton with a recent
version of the Underwater Vision Profiler (Picheral
et al. 2010). The instrument produces detailed high-resolution
images of plankton at that size scale which makes the neces-
sary morphological feature extraction possible. Systematic
analyses should be performed using other devices and in other
biogeographic regions to quantify the resolution bias of this
morphological approach.

Size distribution as indicator of community structure
Our study aimed to elucidate patterns of morphological

traits of copepods as a function of sea-ice dynamics (ice melt,
ice-edge bloom, etc.). Results showed a strong west/east size gra-
dient of the copepod community in Baffin Bay. Mean sizes are
higher in Arctic-influenced and ice-covered waters than in ice-
free and Atlantic-influenced waters. The consistent shift in size
distribution is related to a change in the dominance of certain
size classes; a complementary analysis of the spatial distribution
of size (from PC1) showed elevated abundances of small indi-
viduals at eastern stations (Supporting Information, Fig. S2).

Therefore, our results allow us to propose two main
hypotheses: size distribution may be linked to (1) the compo-
sition of communities advected by the currents, with small
Calanus finmarchicus (� 2–3 mm) dominating Atlantic waters,
C. hyperboreus (up to 8 mm) being more abundant in Arctic
waters (Beaugrand 2002); (2) the development of smaller
copepodite life stages in ice-free and Chl a rich waters of the
eastern Baffin Bay.

The UVP recorded images of copepods ranging from
ca. 0.7–7 mm along the major axis, sizes typical of the domi-
nant large Arctic species. However, the image resolution is not
sufficient to distinguish copepod species and development
stages precisely. Based on the taxonomic analysis of comple-
mentary vertical net sampling (Supporting Information
Fig. S3), the most likely species encountered in this size range
are Calanus hyperboreus, C. glacialis, C. finmarchicus, Metridia
longa and adult stages of Pseudocalanus spp. (Sameoto 1984;
Forest et al. 2012). Oithona similis and Microcalanus sp., typical

Arctic zooplankton species, are too small to be captured in
UVP images.

Net sampling revealed that adult abundances, possibly
reflecting the composition of advected communities, are not
very different from west to east. Only C. glacialis and
C. finmarchicus adults were counted in slightly higher numbers
in the eastern, Atlantic-influenced part of the Bay.
C. hyperboreus, M. longa, and Pseudocalanus adults are homoge-
neously spread out among stations (Fig. S3). The most striking
element is that nauplii and young copepod stages from all Cala-
nus species (Fig. S3b,c,f) are much more abundant in eastern
Baffin Bay, which supports our second hypothesis. The strong
size gradient is mostly caused by high recruitment of young
copepod stages in response to sea ice melt and subsequent pri-
mary production pulse (Fig. 5). Indeed, C. glacialis and
C. finmarchicus are mainly income breeders whose spawning is
stimulated by Chl a concentration (Conover and Huntley 1991;
Niehoff et al. 1999; Søreide et al. 2010). C. hyperboreus
copepodites are also much more abundant in the east, but they
are in late stages of development (no C1, some C2 and many
C3 stages) because this capital breeder species spawns earlier in
the season (Hirche and Niehoff 1996).

Variation of opacity: A reactive response to ice melt?
The transition zone between the ice-covered and open

waters in the east (Fig. 2) was dominated by copepods that
were opaquer (Fig. 4). We can expect that particles in the
digestive tract are a major source of opacity. This is consistent
with the observation that stations with the highest integrated
Chl a concentration were also the areas of highest copepod
opacity, particularly along the ice edge (Lafond et al., 2019).
On the contrary, stations with low phytoplankton abun-
dances and high phaeopigment concentrations (post-bloom
conditions, Lafond et al. 2019) show weaker opacities.

A copepod’s gut content is sometimes clearly distinguish-
able in UVP images (see Fig. 6, 1a). It is not, however, the only
colored structure visible on images. Red light illumination is
used by several in situ imaging devices, including the UVP,
because these wavelengths are known to reduce phototactic
behavior of zooplankton (Cohen and Forward 2002). Raw
UVP images of red objects will appear bright over a dark back-
ground. The pixel values in the images we worked with were
inverted for practical reasons (Picheral et al. 2010) so that red-
dish areas appear dark. In UVP images from this study, local-
ized darker regions are visible within the anterior ventral
zone, the basis of pereiopods, antennas and at the posterior
extremity of the lipid sac (Fig. 6, 1b). Calanoid copepods usu-
ally concentrate astaxanthin, an antioxidant carotenoid pig-
ment that they metabolize from precursors found in
phytoplanktonic preys (Lotocka 2004). These pigments are
good quenchers of oxygen-free radicals and can prevent lipid
peroxidation (Hairston 1976; Miki 1991; Lotocka 2004;
Weaver et al. 2018). Even if the role of pigmentation is rather
well-known, there is still a lack of information on how it
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varies according to environmental conditions. Relatively high
quantity and good quality of phytoplankton are necessary for
copepods to successfully transform phytoplanktonic precur-
sors into antioxidant pigments (Andersson et al. 2003). This
metabolism could reduce the potential oxidative stress caused
by solar radiation in near-surface blooms when the ice cover
breaks up, and help maximize copepod survival, which
requires large lipid reserves for their maturation (Hylander
et al. 2015).

A third possible explanation of the observed opacity varia-
tion is related to reproduction phenology since reproductive
structures, such as gonads and eggs, are also very pigmented
(Fig. 6, 1c). C. finmarchicus and C. glacialis depend mainly on
the spring bloom to produce eggs, so their reproductive struc-
tures are likely to be mature and visible in females (Niehoff
et al. 1999). Nevertheless, clearly identifying these structures
in images captured in the surface layer was quite rare (about
10% of a random subsample of 150 images), while the occur-
rence of noticeable gut content and red pigments was much
more common.

Unexpected indices of in situ feeding activity
The PC4 in our analysis revealed distinct patterns of append-

age visibility in our images that we did not expect to resolve so
clearly. Images with low score values on this axis often show
copepods that have their antennae folded alongside their body.
Lenz and Roncalli (2019) have interpreted this posture as a sign
of diapause. More generally, the pose can be interpreted as the
morphological signature of a rather inactive behavior, as also
demonstrated from Zooglider images (Ohman 2019). Likewise,
images with high PC4 values were typically of copepods that
had appendages extended out of their body. In the Arctic, most
copepods are “feeding-current feeders” (Marshall 1973; Barton
et al. 2013): they create a current with their pereiopods to
entrain particles and phytoplankton cells (Kiørboe 2011), while
their antennae are spread out. We therefore hypothesize that
the mean score value of PC4 for a sub-part of the community
(here, copepods of the surface layer) is an indicator of the feed-
ing activity of the community (Fig. 6, 2a,b).

It follows that maximal feeding intensity occurs in the east-
ern part of the Bay, where phytoplankton concentrations are

Fig. 6. Illustration of opacity and feeding activity variations visible on copepods (C. hyperboreus) schemes, UVP images and stereo-microscope images.
Opacity characterized by PC2 score can be linked to gut content (1a), red pigments (1b), or gonads (1c), and often a combination of the three. PC4
scores capture appendage extension and are potentially indicators of copepod feeding activity: Individuals in a resting posture have antennae (A1) along
their body (2a), active filter-feeding copepods extend their antennae (A1) and sometimes pereiopods (p) deployed (2b). Stereo-microscope images illus-
trating opacity variations were taken by Geneviève Perrin (Institut des Sciences de la Mer, Université du Québec, Rimouski, Canada); those illustrating
feeding activity were taken by Maria Włodarska-Kowalczuk (Institute of Oceanology, Polish Academy of Sciences, Poland, http://www.iopan.gda.pl/pro
jects/Dwarf/species_gallery/crustacea.html).
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the highest. Small and “active” copepods could be copepodites
development stages hatched in spring, whose filtration activity
is highest to ensure their development and successful over-
wintering. The stations with high Chl a concentration (81.5
+/− 29 mg m−2) and many pelagic diatoms (185,00 to 624,000
cells L−1) were ice-free stations situated on the eastern part of
transects 69�N and 70�N, close to the ice edge (Lafond
et al. 2019). These stations also present a high PC4 mean value,
which was expected since Arctic copepods and diatoms have a
well-known prey–predator relationship (Scott et al. 2002).

Conclusions
Our morphological trait-based analysis of UVP images high-

lights the strong response of the surface copepod community
to ice melt and phytoplankton dynamics. We mostly find
non-feeding and large (adult) copepods in ice-covered waters,
while ice break-up and increase of Chl a concentrations are
associated with: (1) a large increase of small Calanus sp. stages
abundances; (2) the pigmentation of copepods at the ice edge
due to full gut content and astaxanthin accumulation; and
(3) elevated feeding activity in open waters, as inferred from
copepod posture.
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