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Ecological interactions among marine zooplankton are poorly described because conventional sampling gears, such as plankton nets and traps,
obscure the physical and biological environment that individuals experience. With in situ imagery, however, it is possible to resolve these interac-
tions and potentially convert snapshot distributions into process-oriented oceanographic and ecological understanding. We describe a variety
of imagery-detected ecological interactions with high spatial resolution in the northern Gulf of Mexico shelf waters (20-35 m bottom depth),
providing new evidence of parasitism, predation, and life stage spatial structuring for different zooplankton groups. Chaetognaths were infected
with an anteriorly attached, parasitic polychaete (1.1% of 33 824 individuals), and these infected chaetognaths were more common further off-
shore, south of a nearshore patch where unparasitized individuals reached concentrations of ~90 m=. Predation by Liriope spp. hydromedusae
tended to occur in the shallowest 10-15 m, and doliolids formed distinct patches of different life stages, indicating that the environment is
replete with sharp transitions among various ecological processes. Similar patterns in other marine ecosystems likely exist, and we encourage
hybrid (machine/human expertise) approaches that broaden the scope for analysis of plankton images, which are rich sources of new ecological
information and hypotheses yet to be examined quantitatively.
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ods can also be used to detected ecological interactions, which in-

Introduction clude describing the co-occurrence of species (Blanchet et al., 2020)

Marine ecosystems contain a variety of interacting organisms, and
a key to understanding how ecosystems operate in a steady state
and respond to perturbations (both large scale climate and more
acute changes) lies in understanding the details and consequences
of ecological interactions (Lawton, 1999). Defined here as the shar-
ing of habitat space between individuals that likely has a fitness cost
or benefit, ecological interactions can be examined through exper-
imental manipulation or direct measurements, such as gut content
analysis (i.e. through microscopy or genetics to measure predation
and diets, Walters et al., 2019; Axler et al., 2020). Indirect meth-

or spatial overlap among known predators and prey (Benoit-Bird
and McManus, 2012; Greer and Woodson, 2016; Swieca et al., 2020;
Axler et al., 2020) or competitors (Brodeur et al., 2008). These stud-
ies of shared habitat and spatial overlap, while useful for under-
standing ecological processes (Carroll et al., 2019), typically assume
that shared space indicates interaction.

Marine zooplankton display complex behaviours, life histories,
and ecological strategies, implying that spatial overlap alone does
not necessarily indicate that interactions are occurring (Blanchet
et al., 2020). Conventional sampling gears (e.g. plankton nets)
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have taxonomic biases favouring crustaceans and generally pro-
duce data that average large swaths of the water column (10s of
meters). With these sampling methods, fine-scale spatial relation-
ships cannot be detected, so organisms that appear in a single net
tow may not occupy similar water masses. Plankton net tows, there-
fore, are not appropriate for describing many ecological interac-
tions at fine spatial scales, especially if artefacts from net-feeding
are not taken into account (Fuentes and Quiroga, 2012). Studies
utilizing in situ imaging systems are revealing fine-scale vertical
and horizontal structure in a variety of marine environments, with
the typical aim of quantifying the abundance of different taxa, ei-
ther through manual or semi-automated image analysis (e.g. Luo et
al., 2018; Ellen et al., 2019; Brisefio-Avena et al., 2020). Although
these studies describe community composition, spatial relation-
ships, and associated oceanographic parameters, there is potentially
more information available within the images that can be useful
for understanding plankton ecology, such as interactions with po-
tential food sources (Moller et al., 2012; Greer et al., 2017), con-
specifics or commensal organisms (Greer et al., 2018a), parasites
(Peacock et al. 2014), and life stage, morphology, or health sta-
tus (Baumgartner et al., 2011; Takahashi et al., 2015; Kenitz et al.,
2020).

In situ imaging can provide direct evidence of interactions at the
time of sampling and in the recent past, but methods of processing
and interpreting these data are still in their infancy, primarily due
to the volume of data and the difficulty of detecting interactions
automatically. Details of interactions depicted within the images
tend to be ignored or treated as anomalies in automated process-
ing pipelines—and for good reason. Considering the steps needed
to automate plankton image processing for a variety of taxa, im-
ages showing ecological interactions will differ substantially from
“representative” images (i.e. one individual per region of interest)
that tend to populate the image recognition training library. It is
therefore unclear how to design a robust method for extracting
and understanding interactions in an automated fashion. Even if
the individuals participating in the interactions are accurately clas-
sified, current deep learning algorithms cannot “understand,” in
our sense of the word, quantitatively ascribe purpose, or assess the
meaning of spatial relationships within an image—a task that our
human brains are extremely skilled at performing (Marcus, 2018).
Because these interactions are likely spatially heterogeneous, au-
tomated recognition that mistakenly omits or misidentifies these
interactions also risks losing information that highlights key eco-
logical processes influencing the water masses before they were
sampled.

The goals of this study were to (1) describe several examples
of ecological interactions in the context of oceanographic pro-
cesses using in situ imagery and (2) inspire researchers in bio-
logical oceanography and trophic ecology to use imagery to aug-
ment studies of co-occurrence, diets, and other interactions. Not
only are in situ plankton images showing us that the ocean is
a “sea of tentacles” (Ohman, 2019), they also depict a sea of
interactions—many of which we are only beginning to describe
but may have profound implications for our understanding of ma-
rine ecosystem functioning. While this study focuses on exam-
ples from the northern Gulf of Mexico, colloquially known as a
“fishy sea” due to its high biological productivity (Davis, 2017),
similar interactions are likely occurring in other marine ecosys-
tems that have not been as extensively sampled with in situ im-

agery.

Methods

The In Situ Ichthyoplankton Imaging System (ISIIS) is a towed
underwater vehicle that captures images of plankton between
~500 wm and 12 c¢m in size (~60 micron pixel resolution), gen-
erally preserving their natural orientation and spatial relationships
(Cowen and Guigand, 2008). There are exceptions for highly motile
and larger plankton, such as euphausiids, which may not have their
natural orientation preserved since they are often engaging in an es-
cape response when imaged. The images are collected using a shad-
owgraph lighting technique, which projects a light source across an
imaged water parcel (field of view: 12 cm, depth of field: 50 cm), and
the plankton or particles that block the light source are captured by
the line scan camera as a shadow. Recording software parses the im-
agery into square 12 cm x 12 cm frames, but the system samples a
continuous strip of ocean along its towed path. Shadowgraph im-
agery allows for all particles within the imaged water volume to re-
main in focus, so organisms that appear to overlap in the 2D images
can be as far apart as 50 cm (the length of the depth of field). For
this reason, additional evidence besides simple overlap in the image,
such as outstretched tentacles (anomalously positioned relative to
others) or probabilities based on abundance (e.g. Greer et al., 2017),
must be present to determine with confidence that an interaction is
taking place. The ISIIS is towed at a horizontal speed of 2.5 m s
and moves vertically throughout the water column (near surface to
~2 m from the bottom) at 0.2-0.3 m s™'. The system is equipped
with several oceanographic sensors, including a CTD (SBE 49 Fast-
CAT) and chlorophyll-a fluorescence (Wetlabs ECO FL-RT), that
collect data at ~8 Hz.

Imagery data were obtained during the summer of 2016 as part
of a three-season survey in the northern Gulf of Mexico, with sam-
pling transects encompassing a ~6 hr period, centred around noon
local time (Greer et al., 2018b). The images were processed for
a ~50 km transect conducted on 26 July 2016 just south of Per-
dido Bay, FL following a series of steps similar to those detailed in
Greer et al. (2018a), which resulted in extracted regions of inter-
est (ROIs) above a 2000-pixel size threshold (~3.3 mm equivalent
spherical diameter). The ROIs were manually classified to broad
taxonomic categories (e.g. hydromedusae, siphonophores, chaetog-
naths, etc.), and gelatinous zooplankton were further classified to
genus or species level or life stage where appropriate. For doliolids,
they were classified as phorozooids/gonozooids or nurses depend-
ing on the presence of a cadophore (the long tail-like feature on the
nurse stage of doliolids).

For several relatively abundant groups, the occupied oceano-
graphic environments were compared between invididuals engag-
ing or not engaging in an ecological interaction. Each image classi-
fied as a Liriope spp. medusa (534 individuals) was further catego-
rized as “no interaction,” “eating” (prey visible in the manubrium),
“parasites” (if parasites present on the bell), or “spent” (if gonads
were visibly empty or “spent”). To test for depth differences be-
tween feeding Liriope spp. and individuals not engaging in an in-
teraction, a bootstrapping procedure was used. From both the feed-
ing and non-interacting populations, a random sample of the num-
ber of feeding medusae imaged (76) was extracted with replace-
ment. The mean depth was then calculated for each group, and this
process was repeated for 10 000 trials. The differences between the
mean depths was computed for each trial, and the p value was as-
sessed by the percentage of times the mean depth was deeper for
the feeding vs. non feeding individuals. No other statistical tests
were performed for the other interactions types because the sam-
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ple sizes were much lower relative to the feeding Liriope spp. The
much more abundant chaetognaths (33 824 individuals) were ex-
amined to determine whether or not they had visible, external par-
asites. Each individual chaetognath was merged to its nearest fine-
scale environmental parameters, and the differences in depth occu-
pied, salinity, temperature, latitude, and chlorophyll-a fluorescence
between infected vs. non-infected individuals were assessed using a
similar procedure described above for Liriope spp. but drawing 376
individuals randomly (with replacement) from each group. Abun-
dances of chaetognaths and doliolids were binned by 1 m?® (~17-
and 1.4-m horizontal and vertical distance, respectively, traveled
by the ISIIS) to generate fine-scale concentrations and linearly in-
terpolated across the entire transect to compare to the location of
the doliolid life stages and chaetognath interactions with parasites.
This bin size was chosen for convenience since counts are also con-
centrations (number m~3), but it also balances the tradeoff between
sample volume and vertical resolution for calculating accurate fine-
scale concentrations and proportions of those groups engaging in
interactions, when appropriate. Other individual examples of inter-
actions were acquired from the entire field sampling campaign in
the northern Gulf of Mexico (Greer et al., 2018b).

Results

Several types of ecological interactions were detected with in situ
imagery—all in relation to the fine-scale physical oceanographic
environment. These interactions were either direct—meaning that
at least two organisms were spatially co-located, making physical
contact, or a single organism had evidence of a recent interaction—
or the interactions were related to life history, where the life stage
was classified to indicate the growth status of the population.

Direct ecological interactions and behaviour

Because in situ imaging produces data on fine spatial scales, it al-
lows for unprecedented descriptions of how organisms share space
in the water column. For example, there is potential for competi-
tion in situations where 32 larval fishes occupy a 7200 cm® parcel
of water (Figure 1a). Direct evidence of competition (or possible
cannibalism) can be seen in examples of chaetognaths that appear
to be locking jaws (Figure 1b-d). Several taxa harboured parasites,
such as chaetognaths with polychaetes (Figure le) that sometimes
appeared to devour their heads (Figure 1f), and salps parasitized by
hyperiid amphipods (Figure 1g) or crustaceans (Figure 1h).

Some of these direct interactions can be interpreted as predation
events. Chaetognaths were imaged preying upon larval fishes not
much smaller than themselves (Figure 1i). Hydromedusae showed
conspicuous evidence of predation and were sometimes depicted
consuming marine snow or other zooplankton (Figure 1j). Body
damage to individual zooplankton indicated recent narrowly es-
caped predation or competitive interactions (Figure 1Kk).

Other interactions provided clues about different strategies or-
ganisms use to survive in the plankton. Imaging revealed close as-
sociations that had an unclear fitness cost or benefit to the partici-
pants, which we categorized as commensalism. Larval and juvenile
fish can closely associate with a variety of gelatinous organisms, in-
cluding siphonophores (Figure 11), hydromedusae, and pelagic tu-
nicates, as well as larval tube anemones (Figure 1m). This interac-
tion potentially benefitted the larva by protecting it from predation
through associating with an organism that has stinging nemato-
cysts, yet there may be risks to this association as well. In other cir-
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cumstances, however, the fitness benefit for the fish may be acquired
through mimicry (flatfish larva that appears to swim behind a large
salp chain; Figure 1n). Other behaviours associated with swimming
can be seen in the images. Patches of different (shrimp and fish
larva, Figure 2a) or similar taxa (Figure 2b-d) sometimes mirror
one another, potentially indicating similar responses to stimuli. In
some cases (e.g. Figure 2a and d), the passing imaging system could
induce similar escape responses, and the images can indicate salp
chains swim in a cork-screw pattern (Figure 2e).

Life history traits and reproduction

Life history characteristics can be thought of as a lagging indica-
tor of past ecological interactions. Not only can the size and re-
productive status of some organisms be established, but for organ-
isms with particular orientations, the number of vertebrae or other
meristics (e.g. fin ray counts) can be used to approximate the age
or the genus/species-level identification of the imaged individual.
For instance, moon jellies (Aurelia spp.) were seen in different de-
velopmental stages (Figure 2f and g), and branching points in the
gastrovascular system of juveniles can serve as a proxy of relative
age (Chiaverano et al., 2016). The images also showed developmen-
tal abnormalities (Figure 2h, normal-4 c-shaped gonads and 4 oral
arms and Figure 2i, abnormal-3 gonads and 2 oral arms), and re-
productive events were documented in salps (Figure 2j).

Oceanographic context of ecological interactions
Distributions of different life stages can indicate which parts of
the water column are associated with population growth. All do-
liolids life stages were closely associated with the strong pycno-
cline at ~10 m. Doliolid nurses, however, were generally confined
to nearshore waters (5065 individuals, Figure 3a), while doliolid
phorozooids and gonozooids (20 896 individuals) were densely ag-
gregated further offshore, reaching peak abundances that were an
order of magnitude higher than the nurses (Figure 3b). The phoro-
zooid/gonozooid stages were almost completely absent from waters
below the pycnocline, which contained relatively low abundances of
doliolid nurses closer to shore.

Gelatinous zooplankton, due to their transparency, offer many
opportunities to document several types of ecological interactions
not possible to see in situ with more opaque (e.g. crustacean) zoo-
plankton. Liriope spp. hydromedusae tended to be most abundant
near the surface and along the bottom, with a dense aggregation
near a surface salinity front at ~20 km along the transect (Figure
4a). The location of their interactions, however, were generally con-
fined to specific portions of the water column. Most of the Liriope
spp. individuals that were consuming prey were found in the shal-
lowest 15 m (78.9%), occupying significantly shallower depths com-
pared to ones that were not engaging in an interaction (p = 0.002)
(Figure 4b). Individuals that were infected with at least one para-
site (likely hyperiid amphipods) occurred in small patches at var-
ious parts of the transect but generally resided in the upper water
column (Figure 4c¢). Individuals with spent gonads were exclusively
seen on the southern end of the transects in both the surface and
bottom waters (Figure 4d).

Chaetognaths harboured an ectoparasite (1.1% of 33 824 indi-
viduals), and their abundance allowed for the quantification of ap-
parently infected/non-infected individuals, as well as their respec-
tive associations with fine-scale oceanographic habitat. The para-
site was identified as a typhloscolecid polychaete and was always
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Competition

Parasitism

Predation

Commensalism

Figure 1. Examples of direct ecological interactions depicted with in situ imagery: Panel (a) 32 individual larval fish (indicated by the boxes)
potentially competing for small scale resources. One individual is duplicated in the bottom left corner as a larger size for easier visualization.
Panel (b)-(d) chaetognaths with their mouths locked—possibly engaging in some form of competition, Panel (e—f) chaetognaths harbouring a
parasitic polychaete, Panel (g) salp parasitized by a hyperiid amphipod, Panel (h) salp harbouring crustacean parasites, Panel (i) chaetognath
(below) consuming a larval fish (above), Panel (j) hydromedusa consuming marine snow, Panel (k) evidence of recent interaction in a
hydromedusa (body damage), and larval fishes closely associating with a Panel (I) siphonophore, Panel (m) tube anemone larva, and Panel (n)

salp chain.

found attached to the chaetognath’s head-region. In certain images,
the parasite appeared to have consumed the anterior portion of the
chaetognath. The species-level identification of this parasite is un-
clear, but it appears to be common during the summer months in
the northern Gulf of Mexico, although the free-swimming abun-
dance of this polychaete was not quantified. Even though chaetog-

naths reached high concentrations (~90 ind. m™) on the north-
ern end of the transect, most of the infected individuals were not
present in this area (Figure 5a). Instead, higher proportions of in-
fected chaetognaths tended to occur when abundances were low in
water masses >10 m deep (Figure 5b) that tended to be further off-
shore (lower latitudes) with lower temperatures and higher salini-
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Behavior

Life history
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Figure 2. Examples of behavioural interactions and life history traits from in situ imagery: Similar orientations for Panel (a) shrimp (curled up in
swimming posture, above) and larval fish (below), Panel (b) six crab zooaea, Panel (c) Solmaris spp. medusae, and Panel (d) two shrimps, Panel
(e) salp chain in a coordinated spiral for locomotion, Panel (f) ephyra of a scyphomedusae, Panel (g) juvenile moon jelly (Aurelia spp.), Panel (h)
normal juvenile moon jelly, Panel (i) juvenile moon jelly with developmental abnormality (two visible oral arms and three gonads instead of
four), Panel (j) salp in the midst of producing a chain of individuals, while also likely being broken apart by the passing imaging system.

ties (Figure 5¢). There was no significant difference in depth occu-
pied or relative chlorophyll-a fluorescence (p > 0.001) for infected
vs. non-infected chaetognaths.

Discussion

In situ imagery provides a rare glimpse into the experience of
individual organisms, ecological interactions, and tradeoffs they
must navigate within their heterogeneous ocean habitat. Here, we
demonstrate that imagery provides evidence, either instantaneous
or from the recent past, of a wide range of ecological interactions.
All of these interactions can be interpreted in the context of the
oceanographic conditions and shine a light onto a new scientific
landscape replete with potential discoveries, particularly given
the promise of accelerating development of automated image
processing.

Oceanographic context of parasitism, predation, and life
stage

The role of parasites in controlling population dynamics, and how
this connects to oceanography, can be explored through in situ im-
agery. Similar typhloscolecid polychaetes have been detected on
chaetognaths (Feigenbaum, 1979) and had infection or decapita-
tion rates, quantified with net samples, between 0.2 and 5% in var-
ious locations (@resland and Bray, 2005). In the case of parasitism,
where the interaction is sustained through physical attachment, we
would expect to see similar rates of infection to those detected in
plankton nets, which was indeed the case in the imagery (1.1% of
chaetognaths infected). Use of microscopy to quantify parasitism in
chaetognaths allows for detecting much smaller forms of the par-
asite than is possible with imagery, yet this method requires pre-
served specimens and extensive microscope sorting, with the ad-
ditional possibility of chaetognath heads being lost through dam-
age or predation in the plankton net and cod end. Images, how-
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Figure 3. Life stage-specific distribution of doliolids in relation to isohalines (30-36, white lines) for Panel (a) nurses and Panel (b)
phorozooids/gonozooids. The dark gray polygon denotes the trajectory of the benthos.

ever, could theoretically be classified quickly with a trained al-
gorithm and used to complement more detailed analyses of in-
fected vs. non-infected individuals, as well as provide precise lo-
cations and multiple corresponding oceanographic parameters for
these observations. Indeed, the infected individuals had signifi-
cantly different oceanographic habitats (lower latitudes, lower tem-

peratures, and higher salinities) compared to non-infected indi-
viduals, which tended to reside nearshore. Similar spatial patterns
of parasitism likely exist in other ecosystems where in situ imag-
ing technology has not been regularly deployed. Our results sug-
gest parasitism is more likely in non-optimal habitat, as chaetog-
naths south of the main aggregation were more commonly harbour-
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Figure 4. Location of Liriope spp. interactions along the transect for Panel (a) no interaction detected, Panel (b) individuals consuming prey,
Panel (c) infected with a parasite, and Panel (d) individuals with spent gonads. White contours correspond to isohalines 30-36, and the dark

gray polygon depicts the trajectory of the benthos.

ing visible parasites. Alternatively, parasitism could reduce swim-
ming capabilities, causing infected chaetognaths residing below the
pycnocline to be swept further offshore, as would happen dur-
ing the downwelling event observed in this study (Dzwonkowski
etal.,2018).

Liriope spp. hydromedusae were found throughout the water col-
umn, yet their ecological interactions showed varying spatial pat-
terns. Predation tended to occur near the surface, while the dis-
tribution of Liriope spp. with spent gonads and parasitic infections
did not show a clear spatial pattern. This may indicate that health-
ier, feeding individuals reside in the surface, but measurements of
nutritional condition would be required to determine this conclu-

sively. The widespread distribution of Liriope spp. and some asso-
ciation with surface changes in salinity is consistent with another
study showing that they tolerate a wide range of oxygen concen-
trations and associate with fronts (Pavez et al., 2010). However, our
observations are some of the first to describe their interactions with
other organisms. In situ imagery has potential for major advances
in ecological knowledge due to the fact that reproductive status and
feeding can be documented on fine scales for Liriope spp. and sim-
ilar gelatinous species.

Doliolids are gelatinous organisms capable of quickly form-
ing massive blooms that are difficult to predict (Deibel and Paf-
fenohofer, 2009). Quantifying abundances in relation to life stages
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and oceanography, therefore, is key for determining the mecha-
nisms driving these blooms. Although all doliolids tended to ag-
gregate along the pycnocline, an area where marine snow aggre-
gates are concentrated during the summertime (Greer et al., 2018b),
patches of doliolids were dominated by specific life stages that were
horizontally separate. The patch towards the southern end of the
transect had higher abundances and contained mostly the phoro-
zooid/gonozooid stages, which indicate a relatively recent asex-
ual reproduction event (Deibel and Paffenhéfer, 2009; Walters et
al., 2019). These same life stages dominated a thin layer of phyto-
plankton described during this field sampling campaign, although
the thin layer had doliolid abundances >2 orders of magnitude
higher and was found further towards the west (Greer et al., 2020).
Near the Kuroshio Current, doliolids also formed life stage-specific
patches, and nurse abundance was negatively correlated with to-
tal abundance of doliolids, or in other words, spatially separated
from the site of a recent bloom (Takahashi et al. 2015). These re-
sults suggest that particular microhabitats are favorable for blooms
of doliolids, and similar processes could be found for other gelati-
nous zooplankton whose spatial patterns have not been described in
detail.

Computer science to the rescue, a call for wider
engagement, or both?

The staggering amount of data produced by imaging systems like
the ISIIS (up to 7.2 GB min™! or millions to billions of ROIs from
a ~1-week research cruise, depending on the ecosystem) creates
strong incentive to completely embrace fully automated analysis. A
fundamental first step, however, is to determine the scientific ca-
pabilities of in situ imaging systems, requiring ecological expertise
along with a critical evaluation of these instruments for address-
ing different scientific questions. Although design of various semi-
or fully-automated image processing procedures is already under-
way or completed, our results demonstrate that we will limit the
potential scientific impact of these data by pursuing only taxon-
based classification. Despite their scientific value, the relative rar-
ity (within the examples of different taxa), variability within, and
diversity among ecological interactions makes implementing auto-
mated “deep learning” detection algorithms challenging due to the
requirement of massive training sets (e.g. Luo et al., 2018; Ellen et
al., 2019; Orenstein et al., 2020), which may not be feasible if the
research goal is to classify every ROI in the dataset to the lowest
taxonomic level possible. However, it is also possible to fine-tune
the automated classification task by using a few classes relevant to
a particular phenomenon. In this case, all ROIs not targeted by
the classifier will go to a “catch-all” category, and this process will
produce a new dataset to study the phenomenon of interest. For
example, Orenstein et al. (2020) successfully trained an algorithm
with three categories to target a cyclopoid copepod population har-
bouring parasites, generating a time series with hourly resolution to
study parasite-host interactions in situ. Results from our study im-
ply that caution should be exercised when attempting to perform
real-time automated classification because the types and extent of
ecological interactions are diverse and poorly described in most
ecosystems.

New approaches have been developed to incorporate citizen
science into marine ecological research (Robinson et al., 2017;
Hardison et al., 2019) that can inspire imagination and empower
individuals to make new discoveries (Dolan, 2019). Recent ef-
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forts have combined deep learning and citizen science for large-
scale image processing and annotation (Sullivan et al., 2018; Lan-
genkdmper et al.,, 2019). To detect interactions as shown here with
in situ plankton imagery, the annotator must have a solid un-
derstanding of both the optical mechanism generating the im-
ages and the organisms’ ecology (to determine which interac-
tions make sense or could be artefacts of the way the images
are collected). Implementing machine learning algorithms that
can seamlessly receive feedback from trained citizen scientists
has potential to generate many discoveries with in situ imaging,
and this process can be augmented through spreading aware-
ness of the array of ecological information contained in each im-
age.

Describing ecological interactions will take in situ imaging be-
yond comparison of fine-scale snapshot distributions and into the
realm of biological oceanographic processes—something that can
enhance the depth and breadth of analysis for future and pre-
viously collected imagery datasets. This provides a pathway to
convert inferred interactions, through either spatial overlap or
co-occurrence data, to an understanding of the trophic conse-
quences of different plankton groups sharing habitat over a cer-
tain period of time. Although new methods are being devel-
oped to efficiently detect these interactions within some accept-
able degree of error (Peacock et al., 2014; Orenstein et al., 2020),
we are just beginning to explore this new scientific frontier of
how organisms interact within their dynamic oceanographic habi-
tat.

Author contribution statement

ATG led the manuscript effort and wrote the first draft. ATG, LMC,
and CBA conceived of the research question and analytical ap-
proach. FJH co-designed the field survey, and ATG and CBA col-
lected the field data. LMC performed the initial identifications for
the zooplankton images and contributed to writing and organizing
the manuscript. LMT performed a literature review and wrote parts
of the discussion. ATG generated the figures and analyzed the data.
All co-authors contributed to editing the manuscript and helped to
shape its content and design of the figures.

Data availability statement

This research was made possible by a grant from the Gulf of
Mexico Research Initiative (GoMRI). All data are publicly avail-
able through the Gulf of Mexico Research Initiative Information &
Data Cooperative (GRIIDC) at https://data.gulfresearchinitiative.
org (doi:10.7266/N75T3HXP, 10.7266/TNP55PES).

Acknowledgements

We would like to thank Captain Nic Allen and the crew of the RV
Point Sur for enabling successful field sampling expeditions in the
northern Gulf of Mexico. Valerie Cruz assisted with the image clas-
sifications to broad taxonomic categories. We would also like to
thank Natalie Cohen for providing feedback on an earlier version of
the manuscript, and Alecs Puente Tapia provided guidance on the
identity of parasites on the hydromedusae. Comments from Jean-
Olivier Irisson and two anonymous reviewers greatly improved the
quality of the manuscript. The data collection was funded through
a grant from the Gulf of Mexico Research Initiative (GoMRI) to

€202 YoJe ¥4 Uo 1senb AQ 85805€9/¥992/8/8./0101E/SWIS801/L00 dNO"0lWapEo.//:SANY WOl POPEO|UMOQ


https://data.gulfresearchinitiative.org

From spatial pattern to ecological process through imaging zooplankton interactions 2673

the CONsortium for COastal River-Dominated Ecosystems (CON-
CORDE). Further processing and analysis was supported by funds
from the University of Georgia Skidaway Institute of Oceanogra-

phy.

References

Axler, K. E., Sponaugle, S., Brisefio-Avena, C., Hernandez, E J., Warner,
S. J., Dzwonkowski, B., Dykstra, S. L. et al. 2020. Fine-scale lar-
val fish distributions and predator-prey dynamics in a coastal
river-dominated ecosystem. Marine Ecology Progress Series, 650:
37-61.

Baumgartner, M. F, Lysiak, N. S. J., Schuman, C., Urban-Rich,
J, and Wenzel, - W. 2011. Diel vertical migration behav-
ior of Calanus finmarchicus and its influence on right and
sei whale occurrence. Marine Ecology Progress Series, 423:
167-184.

Benoit-Bird, K. J., and McManus, M. A. 2012. Bottom-up regulation of
a pelagic community through spatial aggregations. Biology Letters,
8: 813-816.

Blanchet, F. G., Cazelles, K., and Gravel, D. 2020. Co-occurrence
is not evidence of ecological interactions. Ecology Letters, 23:
1050-1063.

Brisenio-Avena, C., Prairie, J. C., Franks, P. J. S., and Jaffe, J. S. 2020.
Comparing vertical distributions of chl-a fluorescence, marine
snow, and taxon-specific zooplankton in relation to density using
high-resolution optical measurements. Frontiers in Marine Science,
7:602.

Brodeur, R. D., Suchman, C. L., Reese, D. C., Miller, T. W,, and Daly,
E. A.2008. Spatial overlap and trophic interactions between pelagic
fish and large jellyfish in the northern California Current. Marine
Biology, 154: 649-659.

Carroll, G., Holsman, K. K., Brodie, S., Thorson, J. T., Hazen, E. L., Bo-
grad, S.J., Haltuch, M. A. et al. 2019. A review of methods for quan-
tifying spatial predator-prey overlap. Global Ecology and Biogeog-
raphy, 28: 1561-1577.

Chiaverano, L. M., Bayha, K. W,, and Graham, W. M. 2016. Local ver-
sus generalized phenotypes in two sympatric Aurelia species: under-
standing jellyfish ecology using genetics and morphometrics. Plos
One, 11: e0156588.

Cowen, R. K., and Guigand, C. M. 2008. In Situ Ichthyoplankton Imag-
ing System (ISIIS): system design and preliminary results. Limnol-
ogy and Oceanography: Methods, 6: 126-132.

Davis, J. E. 2017. The Gulf: The Making of an American Sea. Liveright
Publishing Corporation, New York, NY

Deibel, D., and Paffenhoéfer, G. A. 2009. Predictability of patches of ner-
itic salps and doliolids (Tunicata, Thaliacea). Journal of Plankton
Research, 31: 1571-1579.

Dolan, J. R. 2019. From the popularization of microscopy in the
Victorian Age: a lesson for today’s “outreach.” Protist, 170:
319-327.

Dzwonkowski, B., Fournier, S., Reager, J.T., Milroy, S., Park, K., Shiller,
AM., Greer, A.T. et al. 2018. Tracking sea surface salinity and dis-
solved oxygen on a river-influenced, seasonally stratified shelf, Mis-
sissippi Bight, northern Gulf of Mexico. Continental Shelf Research,
169: 25-33.

Ellen, J. S., Graft, C. A., and Ohman, M. D. 2019. Improving plank-
ton image classification using context metadata. Limnology and
Oceanography: Methods, 17: 439-461.

Feigenbaum, D. 1979. Predation on chaetognaths by typhloscolecid
polychaetes: one explanation for headless specimens. Journal of the
Marine Biological Association of the United Kingdom, 59: 631.

Fuentes, C.M., and Quiroga, F 2012. Net feeding in ichthyoplankton
samples from the Parand River. Journal of Plankton Research, 34:
967-975.

Greer, A. T., Boyette, A. D., Cruz, V. ], Cambazoglu, M. K., Dz-
wonkowski, B., Chiaverano, L. M., Dykstra, S. L. et al. 2020. Con-
trasting fine-scale distributional patterns of zooplankton driven by

the formation of a diatom-dominated thin layer. Limnology and
Oceanography, 65: 2236-2258.

Greer, A. T., Briseno-Avena, C., Deary, A. L., Cowen, R. K., Hernandez,
E J., and Graham, W. M. 2017. Associations between lobster phyl-
losoma and gelatinous zooplankton in relation to oceanographic
properties in the northern Gulf of Mexico. Fisheries Oceanography,
26: 693-704.

Greer, A. T., Chiaverano, L. M., Luo, J. Y., Cowen, R. K., and Graham,
W. M. 2018a. Ecology and behaviour of holoplanktonic scyphome-
dusae and their interactions with larval and juvenile fishes in the
northern Gulf of Mexico. ICES Journal of Marine Science, 75: 751~
763.

Greer, A. T, Shiller, A. M., Hofmann, E. E., Wiggert, J. D., Warner, S.
J., Parra, S. M., Pan, C. et al. 2018b. Functioning of coastal river-
dominated ecosystems and implications for oil spill response: from
observations to mechanisms and models. Oceanography, 31: 90—
103.

Greer, A. T., and Woodson, C. B. 2016. Application of a predator-prey
overlap metric to determine the impact of sub-grid scale feeding dy-
namics on ecosystem productivity. ICES Journal of Marine Science,
73:1051-1061.

Hardison, D. R., Holland, W. C,, Currier, R. D,, Kirkpatrick, B., Stumpf,
R., Fanara, T., Burris, D. et al. 2019. HABscope: a tool for use
by citizen scientists to facilitate early warning of respiratory ir-
ritation caused by toxic blooms of Karenia brevis. Plos One, 14:
€0218489.

Kenitz, K. M., Orenstein, E. C., Roberts, P. L. D., Franks, P. J. S., Jaffe, J.
S., Carter, M. L., and Barton, A. D. 2020. Environmental drivers of
population variability in colony-forming marine diatoms. Limnol-
ogy and Oceanography, 65: 2515-2528

Langenkaemper, D., Simon-Lledo, E., Hosking, B., Jones, D. O. B., and
Nattkemper, T. W. 2019. On the impact of citizen science-derived
data quality on deep learning based classification in marine images.
Plos One, 14: €0218086.

Lawton, J. H. 1999. Are there general laws in ecology? Oikos, 84: 177-
192.

Luo, J. Y, Irisson, J. O., Graham, B., Guigand, C., Sarafraz, A., Mader,
C., and Cowen, R. K. 2018. Automated plankton image analysis us-
ing convolutional neural networks. Limnology and Oceanography:
Methods, 16: 814-827.

Marcus, G. 2018. Deep learning: A critical appraisal, preprint
(arXiv:1801.00631).

Moller, K. O,, St John, M., Temming, A., Floeter, J., Sell, A. F,, Herrmann,
J., and Mollmann, C. 2012. Marine snow, zooplankton and thin lay-
ers: indications of a trophic link from small-scale sampling with the
Video Plankton Recorder. Marine Ecology Progress Series, 468: 57—
69.

Ohman, M. D. 2019. A sea of tentacles: optically discernible traits re-
solved from planktonic organisms in situ. ICES Journal of Marine
Science, 76: 1959-1972.

Orenstein, E. C,, Ratelle, D., Briseno-Avena, C., Carter, M. L., Franks,
P.]. S, Jaffe, J. S., and Roberts, P. L. D. 2020. The Scripps Plankton
Camera system: a framework and platform for in situ microscopy.
Limnology and Oceanography: Methods, 18: 681-695.

Qresland, V., and Bray, R. A. 2005. Parasites and headless chaetognaths
in the Indian Ocean. Marine Biology, 147: 725-734.

Pavez, M. A., Landaeta, M. E, Castro, L. R., and Schneider, W. 2010.
Distribution of carnivorous gelatinous zooplankton in the upwelling
zone off central Chile (austral spring 2001). Journal of Plankton Re-
search, 32: 1051-1065.

Peacock, E. E., Olson, R. J., and Sosik, H. M. 2014. Parasitic infection
of the diatom Guinardia delicatula, a recurrent and ecologically im-
portant phenomenon on the New England shelf. Marine Ecology
Progress Series, 503: 1-10.

Robinson, K. L., Luo, J. Y., Sponaugle, S., Guigand, C. M., and Cowen,
R. K. 2017. A tale of two crowds: public engagement in plankton
classification. Frontiers in Marine Science, 4: 82.

Sullivan, D. P, Winsnes, C. E, Akesson, L., Hjelmare, M., Wiking, M.,
Schutten, R., Campbell, L. et al. 2018. Deep learning is combined

€202 YoJe ¥4 Uo 1senb AQ 85805€9/¥992/8/8./0101E/SWIS801/L00 dNO"0lWapEo.//:SANY WOl POPEO|UMOQ



2674

with massive-scale citizen science to improve large-scale image clas-
sification. Nature Biotechnology, 36: 820.

Swieca, K., Sponaugle, S., Brisefio-Avena, C., Schmid, M. S., Brodeur,
R. D., and Cowen, R. K. 2020. Changing with the tides: fine-scale
larval fish prey availability and predation pressure near a tidally
modulated river plume. Marine Ecology Progress Series, 650:
217-238.

Takahashi, K., Ichikawa, T., Fukugama, C., Yamane, M., Kakehi, S.,
Okazaki, Y., Kubota, H. et al. 2015. In situ observations of a doliolid

A.T. Greer et al.

bloom in a warm water filament using a Video Plankton Recorder:
bloom development, fate, and effect on biogeochemical cycles and
planktonic food webs. Limnology and Oceanography, 60: 1763-
1780.

Walters, T. L., Lamboley, L. M., Lopez-Figueroa, N. B., Rodriguez-
Santiago, A. E., Gibson, D. M., and Frischer, M. E. 2019. Diet and
trophic interactions of a circumglobally significant gelatinous ma-
rine zooplankter, Dolioletta gegenbauri (Uljanin, 1884). Molecular
Ecology, 28: 176-189.

Handling editor: Howard Browman

€202 YoLel ¢4 uo 1senb AQ 81805€9/¥992/8/8./0101ME/SWIS801/W00 dN0"0lWapEo.)/:Ssdny WOl papeojumoq



