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Abstract
Diel vertical migration (DVM) is a widespread phenomenon in aquatic environments. The primary hypothe-

sis explaining DVM is the predation-avoidance hypothesis, which suggests that zooplankton migrate to deeper
waters to avoid detection during daylight. Copepods are the predominant mesozooplankton undergoing these
migrations; however, they display massive morphological variation. Visual risk also depends on a copepod’s
morphology. In this study, we investigate hypotheses related to morphology and DVM: (H1) as size increases
visual risk, increases in body size will increase DVM magnitude and (H2) if copepod transparency can reduce
visual risk, increases in transparency will reduce DVM magnitude. In situ copepod images were collected across
several cruises in the Sargasso Sea using an Underwater Vision Profiler 5. Copepod morphology was character-
ized from these images and a dimension reduction approach. Although in situ imaging offers challenges for
quantifying mesozooplankton behavior, we introduce a robust method for quantifying DVM. The results show
a clear relationship in which larger copepods have a larger DVM signal. Darker copepods also have a larger DVM
signal, however, only among the largest group of copepods and not smaller ones. These findings highlight the
complexity of copepod morphology and DVM behavior.

Diel vertical migration (DVM) is a wide spread phenomenon
with large consequences in ocean ecosystems. DVM is the pro-
cess of pelagic organisms vertically moving in the water column
on a daily basis, often traveling dozens to hundreds of meters
(Bianchi and Mislan. 2016). This large-scale event occurs across
many taxa, from plankton to fish (Brierley 2014). However,
DVM is particularly notable in zooplankton communities,
whose migrations contribute substantially to biogeochemical
cycles (Steinberg and Landry 2017; Archibald et al. 2019; Siegel
et al. 2023). Mesozooplankton communities, largely dominated
by copepods (Turner 2004), will feed in surface layers of the
ocean at night then migrate into deeper waters during daytime.
Through this movement, copepods actively transport carbon to

depth. In addition, Kelly et al. (2019) described zooplankton
DVM to be a major component of mesopelagic food webs.
Thus, to understand pelagic food webs and nutrient cycles, it is
critically important to understand the drivers of DVM.

DVM has long been studied in marine systems (Bandara
et al. 2021). Predominantly, zooplankton DVM is the move-
ment from deep waters at daytime to shallower waters at night
(Hays 2003; Bianchi and Mislan. 2016). However, reverse migra-
tion is also well documented (Ohman 1990). The adaptive bene-
fits of DVM have been extensively reviewed (Lampert 1989;
Hays 2003; Cohen and Forward Jr. 2009; Ringelberg 2009;
Williamson et al. 2011; Bandara et al. 2021). Some studies have
hypothesized that DVM provides a physiological advantage. It
has been suggested that moving to deeper waters may provide
zooplankton a reduction in UV damage (Ewald 1912; Kessler
et al. 2008), metabolic benefits (McLaren 1963; Enright 1977),
or demographic benefits (McLaren 1974). However, the
predator-avoidance hypothesis has received the most support to
explain ultimate causes of DVM (see review of current evidence
by Bandara et al. 2021). First described by Zaret and Suffern
(1976), this hypothesis posits zooplankton evacuate the sunlit
surface to evade visual predators then ascend at night to feed.
However, the massive migration undertaken by zooplankton is
energetically expensive (Maas et al. 2018; Robison et al. 2020).
Therefore, the predator-avoidance hypothesis makes a clear pre-
diction that the trade-off of expended energy is worth the
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predator avoidance benefit (Lampert 1989). This trade-off has
been further described in observations of the relationship
between zooplankton feeding and DVM patterns which led to
the hunger-satiation hypothesis (Atkinson et al. 1992;
Pearre 2003). This hypothesis suggests that vertical migrators
will ascend to feed when hungry then retreat once full. Once an
individual has fully fed, remaining at the surface provides no
benefit while their visual risk may increase due to their full
guts which may increase visibility. Thus, the hunger-
satiation hypothesis provides a detailed case of the
predator-avoidance hypothesis and suggests cases where
copepods may forego DVM. Regardless, both the hunger-
satiation hypothesis and the predator-avoidance hypothesis
suggest DVM is primarily a result of top-down control. In
modeling studies with copepods, the predominant oceanic
zooplankton, top-down control (Bandara et al. 2019) and
trophic interactions (Pinti et al. 2019) have successfully
been used to replicate DVM patterns.

Predator-driven migration suggests that DVM can be a func-
tion of an individual copepod’s detection risk by a visual preda-
tor. However, this risk can depend on a copepod’s
morphological features (Aksnes and Utne 1997). Notably a
copepod’s size can increase visual detection. Several studies
have documented that copepod size influences DVM magni-
tude (Hays et al. 1994; Ohman and Romagnan 2016; Aarflot
et al. 2019). Presumably, a copepod’s transparency will also
influence DVM. Hays et al. (1994) reported that pigmentation
explained variation in DVM frequency. However, few other
studies have investigated this at length. One barrier to studying
a relationship between copepod morphology and DVM is the
difficulty of accurately recording traits. Several approaches have
been utilized to study DVM. High spatiotemporal resolution of
DVM can be achieved through acoustic (Liu et al. 2022), and
even satellite-based measurements (Behrenfeld et al. 2019).
However, these approaches do not yield information about
individuals, much less traits. Net collected specimens can allow
for trait-related investigations of copepod DVM patterns (Hays
et al. 1994; Ohman and Romagnan 2016). However, it is much
more challenging to measure traits related to copepod transpar-
ency from net-collected specimens. Copepods collected from
deep net tows can be severely damaged and their gut contents
may not reflect natural conditions due to cod-end feeding or
regurgitation. Furthermore, typical preservation methods of
net-specimens can result in the loss of pigmentation through
bleaching in ethanol or formalin or increases in opacity as the
copepod dies. Yet traits related to copepod’s transparency are
not well captured in net-collected specimens which may evacu-
ate gut contents or lose pigmentation following preservation in
formalin or ethanol. In Hays et al.’s (1994) investigation, the
authors relied on previously published copepod carotenoid
values in their analyses rather than attempt to measure pig-
ment values from their preserved specimens.

However, these sampling challenges may be effectively cir-
cumvented with the emerging use of in situ imaging tools. By

directly observing copepods, new insights into their behavior
and traits can be resolved (Ohman 2019). For example,
Whitmore and Ohman (2021) used an in situ imaging device
to describe a relationship between copepod abundance with a
particulate field rather than chlorophyll a. Such findings are
facilitated by the fact imagery data records an individual’s exact
position. In addition, a copepod’s true appearance, including
difficult to record metrics like transparency, can be measured.
Thus, in situ imaging offers a new perspective to investigate
DVM hypotheses. Some studies observed a copepod DVM pat-
tern with in situ imagery data (Pan et al. 2018; Whitmore and
Ohman 2021). However, direct tests of DVM-related hypotheses
with such data have not yet been conducted.

In this study, we utilized in situ imaging to evaluate how
copepod morphological traits influence DVM patterns. We
specifically test the hypotheses that (H1) as size increases
visual risk, increases in body size will increase DVM magni-
tude and (H2) if copepod transparency can reduce visual risk,
increases in transparency will reduce DVM magnitude. If these
morphologically based hypotheses are true, then the larger
and darker copepods will have the largest DVM magnitude.

Methods
CTD profiles and Underwater Vision Profiler imaging of
copepods

Data were collected aboard the R/V Atlantic Explorer in col-
laboration with the Bermuda Atlantic Time-series Study (BATS)
(Steinberg et al. 2001). In situ images of plankton were acquired
using an Underwater Vision Profiler 5 (UVP5) (Picheral
et al. 2010). The original sampling methodology and instrument
specification followed details described in Barth and Stone
(2022). The UVP was attached to the Conductivity-Temperature-
Depth profiling rosette (CTD) and deployed regularly on cruises
to the Sargasso Sea from June 2019 to December 2021. Typical
monthly cruises included 13 profiles with average descents to
1200 m (Supplementary Fig. S1). In this study, we investigated
general trends in DVM by pooling together casts across multiple
cruises. This approach is necessitated by the small sampling vol-
ume of the UVP (1.1 liters per image) and low abundance of
plankton which requires aggregation of data to resolve trends
(see details in Barth and Stone 2022). Although there was minor
variation between cruises (Supplementary Fig. S2), this oligotro-
phic system is relatively consistent across seasons (Steinberg
et al. 2001). In addition, every cruise had an approximately
equal number of day and night casts. Profiles were assigned to
be day or night based on locally calculated nautical dawn and
nautical dusk times using the R package suncalc 0.5.1.

The UVP records images of large particles (> 600 μm equiva-
lent spherical diameter [ESD]). However, living particles are
not reliably identifiable below 900 μm (Barth and Stone 2022).
All recorded images were processed using Zooprocess (Gorsky
et al. 2010), which provides several metrics related to size, gray
value, and shape complexity. These features were then used to
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automatically sort images using Ecotaxa (Picheral et al. 2017).
All images were manually verified by the same trained taxono-
mist. In total, 294,913 images were recorded. Of these, 85.2%
were images of debris or artifacts. The smallest identified cope-
pod was 0.940 mm ESD and the largest was 5.904 mm ESD.
Across all casts, copepods were the most common organism,
composing 58.7% of all identified, living particles. In total,
there were 4151 individual copepods images.

Morphological grouping
Zooprocess measures and collects several morphologically

relevant parameters. To create relevant groups of copepods, a
dimension reduction approach was used. Similar methods have
been successfully utilized to provide novel insights to marine
snow (Szeligowska et al. 2021; Trudnowska et al. 2021), cope-
pod dynamics in the Arctic (Vilgrain et al. 2021), and temporal
trends in phytoplankton communities (Sonnet et al. 2022).
First, 18 morphologically relevant parameters were selected to
be included in a principal components analysis (PCA), follow-
ing Vilgrain et al. (2021). Parameters can be described as relat-
ing to size (e.g., major axis, ESD), gray intensity (e.g., mean
gray value at 625 nm wavelength light), shape (e.g., elongation,
symmetry), and shape complexity (e.g., fractal dimension).
Gray-value intensity specifically can capture a variety of charac-
teristics related to particle transparency (Gorsky et al. 2010).
Note that the UVP5 utilizes a narrow band pass filter set to
625 nm, removing the effect of ambient lighting on particle
transparency metrics (Picheral et al. 2010). Feeding these
multiple metrics into a morphospace analysis has several
advantages. First, principle components establish the major
axes of variability which can aid in interpreting the relative
importance of different traits. Furthermore, in the context of
this study, there are several factors which influence copepod
transparency which are not easily distinguishable in most UVP
images. If only one metric was selected it may only capture one
aspect of transparency, thus by including all factors, we can
create a composite metric. Such approaches have been utilized
successfully to infer characteristics in in situ imaged marine
snow (Szeligowska et al. 2021; Trudnowska et al. 2021).

The PCA was weighted by the volume sampled in a 1-m
depth bin for each observation. This approach provides a cor-
rection for the UVP’s variable descent speed which can cause
duplicate imaging of individuals. Although this phenomenon
has a minor impact on overall results (Barth and Stone 2022),
we used the weighted approach to assure that no individual
features were overrepresented. All morphological descriptors
were scaled and centered prior to inclusion in the analysis.
The model was constructed using the R package FactoMineR

2.7. Principal components (PCs) were deemed to be significant
if their eigenvalues were greater than 1. This approach yielded
four PCs which described 87.3% of the total variation in mor-
phological parameters, with 34.5% and 26.5% in the first two
components, respectively. The third and fourth PCs were
related to the orientation of the copepod and appendage

visibility, respectively. Presumably, this is an artifact of how
the copepod was imaged. Because all axes in a PCA are orthog-
onal to one another, the variation captured by PC1 and PC2
are largely spread evenly across the copepod image variability
(PC3 and PC4). This is a particularly useful feature as copepod
orientation presumably impacts some metrics such as size and
gray-value. Yet, because orientation is largely accounted for
with PC3, by grouping along the first two PCs, variation
attributable to orientation is homogeneous across those axes.

To address our morphology-DVM hypotheses, we con-
structed discrete morphological groups based on the first two
PCs. Groups along each of the PCs were defined as low (below
25th percentile), mid (25th–75th percentiles) and high (greater
than 75th percentile). To address the size-dependent hypothe-
sis (H1), groups were assigned as low, mid, or high along PC1.
Then to assess if color/transparency was a secondary factor
(H2), within each PC1 group, PC2 groups were constructed as
low, mid, or high. In total, this created nine groups (e.g., Low
PC1-Low PC2, Low P1-mid PC2, etc.).

Copepod vertical structure and DVM
Vertical distribution of copepods

Copepods in this system are well documented to undergo
DVM (Steinberg et al. 2000; Schnetzer and Steinberg 2002;
Maas et al. 2018). However, there have not been direct mea-
surements of DVM with in situ imaging data. First, to assess
which portion of the water column copepods were utilizing
for DVM, we visualized the average vertical structure. The con-
centrations of each morphological group (based on PC1 and
PC2) were calculated in 20-m depth bins for each UVP profile.
Profiles were designated as either day or night. Then across all
day/night profiles, the mean concentration was calculated for
each 20-m depth bin.

Weighted mean depth variability
Weighted mean depth (WMD) is a common metric to

describe vertical structure and DVM in zooplankton (Ohman
et al. 2002; Ohman and Romagnan 2016; Aarflot et al. 2019).
However, with in situ imagery and our particular dataset, this
approach presents a few challenges. WMD cannot be calculated
individually for each profile then averaged because many pro-
files in this study had different descent depths. In addition, the
small and uneven sampling volume of the UVP can make single
casts too variable to reliably resolve abundance. Yet, under-
standing variation around the WMD is necessary to compare
DVM strength across groups. Here, we introduce a depth bin
constrained bootstrap approach to define WMD with a 95%
confidence interval (CI). To do this, the concentration of each
group, was calculated in 20-m depth bins for each profile. Then
all profiles were “pooled,” separately for day/night. This pro-
vides a distribution of concentrations in each depth bin.
Pooling across multiple seasons was necessary to have sufficient
data; however, it does introduce additionally variability. Due to
the different descent speeds and depth of profiles, there are
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more observations of surface depth bins. Thus, traditional boot-
strapping would bias estimate toward the surface as resampling
would be more likely to draw a more-frequently observed sur-
face bin. To avoid this, bootstrap samples were “bin-con-
strained” such that for each iteration, a random observation
was drawn within each depth bin, then replaced for the next
iteration. A maximum depth was set to 600 m based on qualita-
tive observations of vertical profiles. This approach effectively
created a random profile by resampling a concentration, conc�,
from each depth bin, d. For each iteration, the random con-
structed profile then was used to calculate a bootstrapped
weighted mean depth, WMD�. This was done for each mor-
phological group, g, at each time of day, t (day/night).

WMD�
g,t ¼

XN¼30

i

di conc�i,g,t
� �

PN¼30
i conc�i,g,t

The distribution of WMD�
g,t then was used to calculate a

bootstrapped mean and 95% CI. The width of the confidence
interval then is influenced both by the spread of copepods

through the water column and the amount of data available
to confidently support their estimates. Thus, this resampling
approach is conservative in identifying a significant trend.
The conservative approach is desirable given both its robust-
ness to UVP sampling variability and the need to pool casts as
described above. To assess a DVM pattern, the 95% CIs can be
compared between times of day and morphological groups.
We define a clear DVM signal (e.g., significant day/night dif-
ference) as when there is no overlap between between the
95% WMD CIs between nighttime and daytime groups. If a
clear signal was observed, the DVM magnitude can be mea-
sured by comparing the mean WMD�s.

With PC1 to assess the size-based hypothesis (H1), the
WMD was compared between the three PC1-groups by percen-
tile level. Then to assess the effect of transparency (H2) the
WMD was compared between PC2 groups within each PC1
grouping.
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Fig. 1. First two PCs of the morphospace. Proportion of variance
explained by the two axis is 61.1%. Each point represents an individual
copepod. The color and transparency of each point correspond to the
morphological groups based on percentile along each axis. Along PC1,
gray corresponds to the low-group (< 25th percentile), orange to the mid
group (25th–75th percentiles), and blue to the high-group (75th percen-
tile). Along PC2, low, mid, and high groups are distinguished by increas-
ing opacity. Marginal distribution displays the proportion of observations
in each group. Representative vignettes of copepods are shown in the cor-
ners corresponding to their place in the morphospace. A 4-mm scale bar
in the bottom right is shown for the vignettes.
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Fig. 2. Comparison of morphological groups to relevant parameters.
Groups were constructed along PCs with low as below 25th percentile,
mid as 25th–50th percentiles, and high as above 75th percentile. (A) PC1
groups are significantly different along Feret diameter and display a clear
trend for size. (B) PC2 groups are significantly different in terms of mean
gray value. Note that a low mean gray value indicates a darker copepod.
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Results
Morphological groups

The PCA revealed four major axes of variability (Fig. 1). The
first axis (PC1, 34.23% of variability) was largely explained by
increasing values related to size, such as perimeter (loading
score = 0.927) and Feret diameter (maximum distance between
parallel planes around an object) (loading score = 0.910). The
second axis (PC2, 27.24% of variability) can be interpreted as a
gradient of transparent to dark individuals. PC2 was largely
anticorrelated with mean gray value (higher values indicate a
more transparent individual) (loading score = �0.920). As
noted in the methods, PC3 and PC4 were both related to the
orientation of the copepod and the appendage visibility, respec-
tively (Supplementary Fig. S2).

The morphological groupings were assigned along PC1 as
low, mid, and high. Then along PC2, groups were assigned
within each PC1 group (Fig. 1). To confirm the morphospace

grouping resulted in ecologically relevant categories, the
morphological groups were compared against known copepod
metrics. Across all PC1 groups, there was a clear difference in
Feret diameter. The median Feret diameter of the low group was
1.97 mm. The median Feret diameter of the mid and high
groups were 2.84 and 4.83 mm, respectively (Fig. 2A). All groups
were significantly different from one another (Dunn Kruskall–
Wallace test, p < 0.001). PC2 groups as a whole were also signifi-
cantly different from one another (Dunn Krustall–Wallace test,
p < 0.001). However, within each PC2 group, there was a clear
tendency for larger copepods (high PC1 group) to be more trans-
parent (Fig. 2B).

Vertical profiles of morphological groups
For all groups, the 20-m-binned profiles show a notable

structure. Although copepods were observed throughout the
mesopelagic (Supplementary Fig. S2), the majority of day/night
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differences were observed above 600 m (Fig. 3). For most mor-
phological groups, there was a peak in nighttime concentration
in the lower epipelagic (50–200 m). Similarly, there was a
decrease in average daytime concentration over the same
region. This pattern is particularly apparent for the groups
which are mid and high on both PCs (Fig. 3B,C,E,F). Across all
groups, both average daytime and nighttime concentration
were low in the upper mesopelagic (200–300 m). Then, there
was a peak in average daytime concentration in the depth bins
in the mid-mesopelagic (400–600 m).

WMD analysis
The bin-constrained bootstrap approach provided a direct

method to compare DVM between groups. Size (PC1) had a
clear effect on DVM magnitude. First, for all PC1 groups,
daytime WMD bootstrapped 95% CIs were deeper and non-
overlapping with the nighttime 95% CIs (Fig. 4). This indi-
cates a clear DVM pattern. However, the differences in day
and night CIs varied between morphological groups. All PC1
groups had a similar, overlapping nighttime 95% CI in the
lower epipelagic (� 145–200 m). However, there was a clear

difference in the depth of the daytime 95% CIs. The small
(low PC1) group had the shallowest 95% CI (235.2–296.0 m).
The mid PC1 group’s daytime 95% CI was slightly deeper
(309.0–347.3 m). The large (high PC1) group daytime 95% CI
was even lower (352.3–405.0 m).

When considering the influence of transparency (PC2) on
DVM magnitude, we compared PC2 groups within their PC1
grouping. This approach was warranted because of the ten-
dency for size to have a slight effect on transparency (Fig. 2).
At this level of comparison, there were several notable trends.
For the smaller copepods (low PC1), once the data were split
into PC2 groups, the wider 95% CIs indicate little to no DVM
signal. Generally, the daytime 95% CIs and nighttime 95%
CIs are overlapping or near-overlapping (Fig. 5A). With mid-
sized copepods, there was a clear DVM signal. However, all
PC2 groups appeared to have a similar DVM magnitude with
each group’s daytime 95% CIs overlapping with each other
(Fig. 5B). There was a difference in DVM magnitude across
PC2 groups within the largest copepods. The more transparent
copepods (low PC2 group) showed no DVM signal, with a
shallow daytime WMD. However, the darker copepods (mid
and high PC2 groups) had deeper daytime WMDs (Fig. 5C).

Discussion
Copepod morphospace and quantifying DVM

In this study, we built on methods for describing mor-
phospaces from similar in situ imaging studies (Trudnowska
et al. 2021; Vilgrain et al. 2021; Sonnet et al. 2022). The PCA-
defined morphospace with the present data aligns well with
the prior applications. Interestingly, the proportion of mor-
phological variation explained by each axis in the
morphospace defined on Arctic copepods by Vilgrain et al.
(2021) is extremely similar to the morphospace axes in this
study. This similarity is striking considering the vastly differ-
ent copepod community compositions between the Arctic
Ocean and subtropical gyres (Soviadan et al. 2022). The simi-
larity of morphospaces could also be an artifact of the
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Fig. 4. Mean bootstrapped WMD and 95% CIs for copepods of different
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explained by size metrics, with higher scores indicating a larger copepod.
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similarity of input data. Given the UVP has a limited range of
observable size classes (Picheral et al. 2010), only copepods
above a certain size were fed into both PCAs. Alternatively,
the similarity of studies suggest that copepod morphological
variation might be well described by these two primary axes.
Sonnet et al. (2022) used phytoplankton images to investigate
how a morphospace could be used to evaluate community
composition changes over time. Comparisons of copepod
morphospaces across temporal and spatial scales may offer a
useful metric for answering biogeographic and ecological
questions.

Although the UVP provides some methodological chal-
lenges to quantifying DVM, the pattern of DVM described in
this study is consistent with the commonly observed noctur-
nal DVM pattern (Bianchi and Mislan. 2016; Bandara
et al. 2021). The average vertical profiles display a clear
day/night difference (Fig. 3). However, in each 20-m depth
bin there was large variation, often exceeding the average con-
centration. This large variation was expected. There can be
considerable variation between UVP estimates of zooplankton
abundance (Barth and Stone 2022). In addition, in this study
we pooled casts across multiple seasons. Variability in cope-
pod DVM has been described across seasons (Whitmore and
Ohman 2021). However, in the Sargasso Sea, while there is
seasonal variation in DVM biomass (Behrenfeld 2014), there
is no record of variation in DVM magnitude. Other studies
describing DVM in the region have also pooled across seasons
using net data (Ivory et al. 2019). Thus, while pooling across
seasons may have introduced some variability in our WMD
estimates, the DVM signal was still well described by the UVP.
Previous studies using in situ imaging have also noted a signal
of DVM with copepods (Pan et al. 2018; Whitmore and
Ohman 2021). Yet due to small and uneven sampling, it can
be a challenge to quantify DVM using in situ imaging. As pres-
ented in this study, bin-constrained bootstrapping offers a
robust method to quantify WMD and investigate DVM
hypotheses.

Morphological variation in DVM
The results presented in this study provide new perspective

on how traits influence DVM patterns. Consistent with the
size-based hypothesis (H1), we documented a clear effect in
which larger copepods migrated further. This finding is consis-
tent with several studies which have documented a size-
dependent relationship for copepod DVM (Ohman and
Romagnan 2016; Aarflot et al. 2019; Pinti et al. 2019). Ohman
and Romagnan (2016) noted that moderate-size copepods had
the largest migrations. Although this may seem contradictory
to the present study, the difference between study systems
needs be taken into account. The copepods described in the
large (high PC1) group had a mean Feret diameter of nearly
5 mm. Conversely, in Ohman and Romagnan’s (2016) study
the “moderate” copepods ranged from 4 to 6 mm.

The transparency-based hypothesis (H2) was only supported
by patterns within the large copepod group. The large but more
transparent copepods (low PC2, high PC1) did not have a
detectable DVM signal. Yet the darker copepods (mid and high
PC2) had a large DVM signal. It should be noted that the gray-
value recorded by the UVP may be indicative of many features
which influence copepod pigmentation, including pigmenta-
tion, egg-sacs, and gut contents (Vilgrain et al. 2021). Thus,
while our observation is consistent with both the predator-
avoidance and the hunger-satiation hypotheses, we cannot dis-
tinguish exactly why the large, more transparent copepods do
not migrate. One possibility is that these copepods have empty
gut contents, and thus are less transparent and motivated to
feed near the surface. However, it is also plausible that the dif-
ference in transparency is driven by taxonomic differences in
pigmentation. UVP images of copepods are generally
unidentifiable to higher taxonomic resolution. However, it is
likely that the majority of copepod images were Calanoida,
which are consistently reported as the dominant copepod
group in the Sargasso Sea (Deevey and Brooks 1977; Ivory
et al. 2019; Blanco-Bercial 2020). In addition, a long-term analy-
sis of net-collected data reported only Calanoida to show a sig-
nificant DVM signal (Ivory et al. 2019). However, within this
group, there is extreme diversity (Deevey and Brooks 1977;
Blanco-Bercial 2020). In a metabarcoding study of the epipe-
lagic mesozooplankton community, Blanco-Bercial (2020)
reported Pleuromamma spp., Euchaetidae, and Eucalanoidea to
show higher nighttime relative abundance. Alternatively, Cal-
anidae were described to occupy the surface waters at daytime.
Thus, while the present study cannot make direct conclusions
as to taxonomic variation, it is likely a driving factor in DVM
variability across the observed morphological groups.

Hays (2003) described that copepod pigmentation could
explain increased DVM with small (< 1 mm) copepods. Thus, it
was surprising that there was no effect of transparency on DVM
magnitude in the smaller morphology group. One possibility is
that the small, transparent copepods were not well sampled by
the UVP (Fig. 2). Due to the conservative nature of the boot-
strapping WMD approach utilized in this study, sampling defi-
cits would broaden the 95% WMD CIs, reducing the ability to
resolve trends. However, there is no observable trend to suggest
the lack of DVM signal is simply a methodological artifact.
Alternatively, there are several possible explanations for why
there is no effect of transparency for the smaller copepod mor-
phological groups. First, it should be noted that while both the
small-sized (low PC1) and mid-sized (mid-PC1) group showed
no variation in DVM patterns across PC2, the mid-sized group
consistently showed a strong DVM signal while the small-sized
group did not. Among the small-sized group, there was little
observable DVM across all transparency groupings. It may be
that these copepods have a low visual-predator risk regardless of
their transparency level. Ohman and Romagnan’s (2016) study
in the California Current observed that the smallest copepods
(< 1.5 mm) displayed no DVM signal. Although these copepods
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may have reduced predator risk, it may also be that they simply
are weaker swimmers and cannot reasonably migrate as large of
distances as bigger copepods can.

The mid-sized copepods display a clear DVM signal across
all transparency groupings. This suggests that mid-sized cope-
pods do not relieve their predation risk through increased
transparency. This is counterintuitive to the observation that
the large, transparent copepods have a reduced DVM signal.
In addition, the transparent, mid-sized copepods migrating
while the transparent, large ones do not, directly contradicts
the predator-avoidance hypothesis. It is worth noting that
DVM behavior can also vary greatly across species. Within
migrating nekton, there has been mixed support described for
the hunger-satiation hypothesis, depending on taxa (Bos
et al. 2021). Thus, again it may be taxonomic variation which
can explain deviations in expected DVM patterns. In addition,
other mechanisms influencing DVM, asides from top-down
factors may be at play. Williamson et al. (2011) provide sup-
port for the transparency-regulator hypothesis of DVM, which
suggests both top-down factors and environmental factors
such as UV-radiation influence DVM behavior. In the Sargasso
Sea, there is extreme water clarity which would suggest
UV-radiation may play a role in DVM behavior. However,
none of our findings suggest that more pigmented copepods
migrate less than transparent ones, regardless of size. Yet,
across all copepod morphological groups, abundances were
highest in the mid-to-lower mesopelagic and low in the sur-
face layers (Fig. 2). Thus, the copepods imaged in this study
are likely already at layers below where UV damage is a major
factor. Furthermore, the deep Chl a maximum regularly
extended into low epipelagic (Supplementary Fig. S2), provid-
ing sufficient food where UV irradiance is low. Nonetheless,
while UV may not be a primary factor, the notion that there
are multiple factors influencing DVM should be considered.

Conclusion
Overall, our results reveal a complex dynamic between

copepod traits and DVM behavior. This study provided new
insight into the DVM dynamics in oligotrophic gyres.
Although many studies have established size as a major trait
influencing DVM, investigations into other traits are more
limited. Here, we support the prevailing notion that size has
large consequences for DVM behavior. We also show that
transparency has an effect on DVM for some size groups.
However, determining exactly which drivers determine why
copepods with different traits undergo DVM remains elusive.
Although these findings are largely consistent with the
predator-avoidance hypothesis and prevailing DVM theory,
they highlight the need for more detailed analyses. As plank-
ton in situ imaging tools are used more commonly by ocean-
ographers, larger datasets will facilitate new investigations.
Additionally, improved resolution of sampling tools may bet-
ter determine taxonomic variation. Collaborations between

oceanographers, plankton ecologists, and visual ecologists
may better resolve how traits influence trade-offs in DVM
behavior. Understanding these dynamics will be critical to
predicting changes with a changing ocean.

Data availability statement
All data used in this project are hosted on Ecopart

(https://ecopart.obs-vlfr.fr/). Data in its raw form can be
accessed from their portal. However, all summary and
intermediate data products, as well as code, are publicly
available on GitHub (https://github.com/TheAlexBarth/
DVM_Migration-Morphology). Intermediate data products
are formatted as R Data Structure objects, other formats are
available on request.
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