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O C E A N O G R A P H Y

Big or small, patchy all: Resolution of marine plankton 
patch structure at micro- to submesoscales for 36 taxa
Kelly L. Robinson1*, Su Sponaugle2, Jessica Y. Luo3, Miram R. Gleiber2, Robert K. Cowen4

Despite the ecological importance of microscale (0.01–1 meter) and fine-scale (1 to hundreds of meters) plankton 
patchiness, the dimensions and taxonomic identity of patches in the ocean are nearly unknown. We used under-
water imaging to identify the position, horizontal length scale, and density of taxa-specific patches of 32 million 
organisms representing 36 taxa (200 micrometers to 20 centimeters) in the continental and oceanic environments 
of a subtropical, western boundary current. Patches were the most frequent in shallow, continental waters. For 
multiple taxa, patch count varied parabolically with background density. Taxa-specific patch length and organism 
size exhibited negative size scaling relationships. Organism size explained 21 to 30% of the variance in patch length. 
The dominant length scale was phylogenetically random and <100 meters for 64% of taxa. The predominance 
of micro- and fine-scale patches among a diverse suite of plankton suggests social and coactive processes may 
contribute to patch formation.

INTRODUCTION
Spatial heterogeneity in plankton abundance occurs across a 
range of scales in aquatic ecosystems (1–3). While the etymological 
root of plankton (i.e., “wanderer” or “drifter”) implies a random 
distribution, multiple studies have inferred from trophic argu-
ments (4–6) or direct observations (7–9) that plankton are hetero-
geneous in space. This spatial heterogeneity, where planktonic 
organisms exhibit higher standardized densities (e.g., individuals 
or biomass per cubic meter) relative to the background density, is 
described as patches, aggregations, or clusters in the literature. In 
the aquatic environment, patches can form and persist at a number 
of spatial scales, from the microscale (0.01 to 1 m) to the mesoscale 
(10 to hundreds of kilometers) in both the vertical (9) and hori-
zontal dimensions (10). Moreover, they can exist at multiple 
scales simultaneously, with smaller patches comprising larger 
aggregations (10, 11).

The wide range of spatial scales over which plankton patchiness 
can occur indicates that a variety of mechanisms underlie patch 
development and maintenance, with consequences for individuals, 
populations, and ecosystem dynamics (11). Physical processes (e.g., 
fronts, internal waves, thermal stratification, eddies) often drive the 
formation of plankton patchiness (12–14), but biological processes 
are also important drivers—particularly at the smaller scales (e.g., 
<100 m) where behaviors such as diel vertical migration can play a 
key role (15). Theoretical and laboratory studies have demonstrated 
that fine-scale (1 to hundreds of meters) patchiness is critical for 
individual fitness, including locating mates, finding adequate prey 
to support metabolic needs and growth, and avoiding predators 
(10, 16). At fine vertical scales (i.e., “thin layers”), in situ plankton 
aggregations are often composed of distinct taxonomic assemblages 
(17) whose members interact with one another (18). This biological 
spatial heterogeneity has implications for modeling marine ecosystem 

dynamics as plankton assemblage structure influences community 
organization and stability (11), nutrient cycling (19), grazing rates 
(20, 21), larval fish survivorship (22–24), and trophic energy trans-
fer efficiencies (25, 26). Moreover, early evidence suggests that 
including details of predator and prey distributions at the fine scale 
in mechanistic ecosystem models could improve fishery predictions, 
particularly in coastal environments (27).

Despite the importance of plankton patchiness over a range of 
spatial scales, we have a relatively poor understanding of the mech-
anisms underlying the generation and maintenance of patches. 
Difficulty in simultaneously sampling a broad range of organisms 
has led to a poor understanding of whether and how patch charac-
teristics (size and density) vary with taxonomic group or organism 
size. This difficulty arises despite the extensive work describing how 
plankton physiology, behavior, and ecology vary as a function of 
organismal size [(28,  29) and references therein]. Little is known 
about the relationship between individual plankter size and the 
spatial scale of their aggregations (i.e., taxa-specific patch size), and 
the mechanisms that may drive such relationships. It is sensible to 
imagine that such a relationship exists: If patch formation helps 
small organisms “appear” larger to predators (e.g., fish schooling) 
and there is a finite number of larger predators, then advantages of 
patch formation should be greater for smaller organisms. Alternatively, 
if patch formation was primarily for the purposes of identifying 
favorable feeding environments (30), then it may be easier for larger 
organisms with greater sensory and behavioral abilities to aggregate. 
A recent modeling effort indicates that the collective behavior on 
the part of a diversity of organisms may increase ecosystem stability 
(31). One difficulty of examining the size scaling relationship of 
plankton patch formation is that it requires the simultaneous 
measurement of organisms spanning multiple orders of magnitude 
and their patches. Resolving this relationship requires sampling not 
only where there is a range of sizes and taxonomic groups present 
but also where a single group does not overwhelm the abundance of 
others, namely, a dynamic, subtropical marine ecosystem.

The importance of fine-scale structure in planktonic systems 
has motivated the development of high-resolution acoustic and 
optical technologies that can simultaneously sample across a broad 
range of spatial scales (32, 33). Traditional plankton nets integrate 
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organisms over the sampling distance and depth, producing a spatial 
mean rather than measures of fine-scale variability. Moreover, nets 
do not sample ecologically important, but delicate, gelatinous 
plankton (34, 35). Acoustic systems, while able to yield high-resolution 
data for hard-bodied zooplankton such as euphausiids, cannot 
resolve gelatinous plankton that have a low acoustic impedance contrast 
(i.e., low backscatter). Optical systems like the Video Plankton 
Recorder, Shadow Image Particle Profiling Evaluation Recorder, 
Lightframe On-sight Keyspecies Investigation, Zooplankton 
Visualization and Imaging System, and Underwater Vision Profiler 
have produced outstanding results with regard to sampling gelati-
nous and nongelatinous plankton (36, 37). However, these systems 
do not adequately quantify rare taxa such as larval fishes (which 
typically occur at densities of ca. 0.01 to 0.001 individuals per liter) or 
larger macroplankton (2 to 20 mm) because of either limited sampling 
volumes (i.e., ≈2  liters/s) or deployment mode (38). Other optical 
sampling technologies such as laser optical counters have yielded 
information about submesoscale plankton patch structure but cannot 
resolve specific taxa (13). For these reasons, a concurrent understand-
ing of how fine-scale patchiness varies within and among taxonomic 
specific plankton groups that span the size mesozooplankton spectrum 
(0.2 to 20 mm) is lacking.

A decade’s worth of work using the novel In Situ Ichthyoplankton 
Imaging System (ISIIS) has partially addressed this knowledge gap. 
The ISIIS’s 13 cm by 13 cm field of view and 50-cm depth of field 
allows undisturbed imaging of an array of plankton taxa, including 
delicate gelatinous zooplankton. ISIIS is capable of imaging parti-
cles 200 m to ~20 cm in size, at a rate of 140 liters/s and per image 
sampling volume of ≈6 liters. The resulting images have a pixel 
resolution of 66 m. (39). Initial research using this system demon-
strated habitat partitioning across the shelf-slope front by gelatinous 
plankton (40) and pelagic tunicates and larval fishes (41). Subse-
quent studies revealed the importance of phytoplankton thin layers, 
internal waves, hypoxia, and lateral salinity gradients on sub-
mesoscale (≈3 to 70 km) patchiness of larval fishes, copepods, 
chaetognaths, shrimps, and gelatinous plankton (42, 12, 43). Through 
the resolution of submesoscale spatial patterns across a suite of 
trophically linked, taxonomic groups (including rare and delicate 
ones), this collective work has set the stage to answer questions of 
patchiness in a broad range of plankton in contrasting marine 
environments.

An important contrast in the world’s oceans is continental 
versus oceanic habitats. On average, continental marine habitats 
tend to be more physically dynamic, have higher nutrient concen-
trations and turbidity, and support greater levels of biological 
productivity than adjacent, oceanic waters (44). The abundance, 
biomass, taxonomic, and size composition of plankton guilds (e.g., 
phytoplankton and zooplankton) reflect these environmental 
differences. Broadly, plankton in continental habitats are more 
abundant, have larger body sizes, and assemblages have lower 
diversity from reduced evenness (i.e., a few taxa dominate) in 
comparison to oceanic waters (45–47); notable exceptions include 
coastal water advected offshore, frontal zones, and cold-core eddies 
where nutrient concentrations tend to be elevated. These biophysical 
contrasts strengthen with increasing latitude as seasonality effects 
intensify (48), yielding stronger habitat partitioning between conti-
nental and oceanic plankton assemblages.

To quantify plankton patchiness, we deployed the ISIIS in 2014 
and 2015 in both continental and oceanic regions of the Straits of 

Florida (SOF). Flow through the SOF is dominated by the Florida 
Current that enters the southwestern SOF as part of the Loop 
Current from the Gulf of Mexico (GOM), with maximal flow along 
the western boundary. Dynamically, this flow pattern creates meso-
scale cross-strait and coarse-scale vertical gradients in the flow field 
(49) onto which temperature, salinity, and the biological environ-
ment map onto. Specifically, the isopycnals tilt upward on the 
western edge, creating shallow, dense, cool, salty water and an 
upwelling of nutrients (50). Consequently, the eastern (oceanic) and 
western (continental) areas of the SOF are distinct environmentally, 
and this difference is reflected in the regional distribution, abun-
dance, and growth of the planktonic community (51, 52). Towing 
the ISIIS at 5 knots enabled the sampling of large distances rather 
quickly to limit aliasing. We towed ISIIS at discrete depths (15 m, 
shallow; 30 m, mid-depth; and 50 m, deep in 2014; and 15 and 30 m 
in 2015) along an average transect length of 10.8 km (± 2.6 km; 
1 SD) in continental (n = 21 transects) and oceanic (n = 18 transects) 
areas. ISIIS imagery was automatically classified using a spatially 
sparse convolutional neural network trained to sort vignettes (53). 
These analyses were performed to identify (i) the frequency of 
patchiness among plankton taxa, (ii) whether patch characteristics 
are related predictably to organism size and how patch size varies 
among plankton taxa, (iii) the dominant length scale of patches, and (iv) 
whether relationships exist between taxa-specific patch occurrence, 
patch size, and abundance.

RESULTS
More than 32.2 million vignettes (i.e., individual particle images) 
were segmented from 104,125,200 TIFF (tagged imaged file format) 
images (357 terabytes of imagery data). Vignettes were sorted into 
125 classes at an error rate of <5%. Classified vignettes were 
assigned to one of 40 taxonomic groups (table S1). Aggregations of 
living plankton groups (n = 36, excluding artifacts, detritus, fecal 
pellets, and unknown) were identified using a modified distance to 
next encounter (DNE) method (54,  12) because each transect’s 
vignettes (i.e., individual organisms) were sequential observations 
in horizontal space. A classified individual organism was assigned 
to an aggregation if the maximum distance between it and its nearest 
neighbor belonging to the same taxon was less than or equal to a 
threshold value, Dmax (table S1). Each taxon’s Dmax was found by 
comparing a theoretical, random distribution of taxon-specific 
DNE values to all observed taxon-specific DNE values (details in 
Methods). Aggregations were designated as patches if the density of 
individuals per cubic meter in the aggregation was greater than or 
equal to the mean + 95% confidence interval (CI) of SOF background 
densities (table S1). Organism size was expressed as equivalent 
spherical diameter (ESD; in millimeters).

Patch frequency
Patchiness was highly variable among plankton taxa (Fig. 1). There 
was no evidence of a phylogenetic pattern in patch frequency across 
a diverse set of planktonic taxa ranging from cyanobacteria to larval 
fishes. Patterns of overall horizontal plankton patchiness varied 
more between continental and oceanic waters than among the three 
fixed depths (15, 30, and 50 m). In both years, plankton patches 
(with all taxa combined) were significantly more frequent in conti-
nental versus oceanic waters (fig. S1; 2

2014 = 12.59, df = 2, P = 0.002; 
2

2015 = 84.50, df = 1, P < 0.001). This pattern was especially evident 
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in shallow waters in 2014 (fig. S1). Patches of plankton were also 
more frequent in oceanic, mid-depth waters than expected by 
chance in 2015 (P  <  0.0001). Parcels of water with plankton 
randomly distributed (i.e., where DNE between taxonomic-specific 
individuals was greater than Dmax) were more frequent in oceanic, 
mid-depth waters in 2014 (2

2014 = 10.32, df = 2, P = 0.006) than 
expected by chance. However, random plankton parcels were 
distributed evenly across the SOF and with water depth in 2015 
(fig. S1).

Patch size
Taxonomic-specific patch length was inversely related to organism 
size (ESD) in both continental and oceanic areas (Fig. 2A), meaning 
the smallest organisms had the largest patches. The size scaling 
relationships were best fitted with power law functions (Fig. 2A). 
The continental (kcontinental = −3.27) and oceanic (koceanic = −4.08) slopes 
were statistically similar. Thus, the relative change in log10 of plankton 
patch length versus log10 of planktonic organism ESD in the SOF 
can be described using weighted mean slope of kSOF = −3.64. This 
inverse relationship was somewhat reflected in the taxonomic-
specific dominant length scale (i.e., the patch length mode), although 
it varied considerably across taxonomic groups, ranging from 0.6 to 
244 m (Fig. 2B). Like plankton patch frequency, there was no 
phylogenetic pattern in the dominant length scale of patches. Eleven 
taxonomic groups regularly had patches exceeding 10  km in 

size—our standard transect length (Fig. 2B). These groups were 
among those with the highest mean abundances (table S4). As a 
result, the dominant length scale of these 11 groups exceeded 10 km, 
and the patch size mode was not calculated because the true length 
of these long patches was beyond our sampling range.

The length scale of patchiness varied in both horizontal and ver-
tical dimensions and between years (Fig. 3 and table S2). Horizontal 
contrasts were stronger than vertical ones (Fig. 3), with differences 
accentuated in 2014. Patches were larger in continental (mean ± 1 SD, 
2014: 188.5 ± 879.2 m; 2015: 153.9 ± 715.0 m) versus oceanic 
waters (mean ± 1 SD, 2014: 102.7 ± 640.0 m; 2015: 56.1 ± 313.9 m) 
when considering all plankton patches [analysis of variance 
(ANOVA) linear mixed effects, F1,13600 = 169.9, P < 0.0001, Akaike 
information criterion = 26605.3). This cross-strait contrast was 
significant for taxa such as larval fish, physonect siphonophores, 
polychaetes, pteropods, decapod shrimps, and other crustaceans.

Multiple groups exhibited considerable variance in patch length 
among water depths—patch length sometimes differed by an order 
of magnitude (Fig.  3 and fig. S2). Patch length declined with 
increasing water depth, regardless of habitat, for larval fish, physonect 
siphonophores, decapod shrimps, sea star larvae, and narcomedusae 
(table S3). Only patches of radiolarian and urchin larvae increased 
in size with water depth. Vertical gradients in patch size tended to 
be steepest in continental waters in 2014 compared with 2015, although 
between-year comparisons were constrained by the absence of 

Fig. 1. Position and length of plankton patches for 36 taxa. The position and length of patch (colored bars with black outline) and aggregated parcel (opaque colored 
bars) for each taxonomic group along a single example set of 10-km ISIIS transects in the shallow and mid-depth waters of continental and oceanic regions of the SOF. The 
bar color gradient indicates the log10-transformed density of individuals (individuals per cubic meter). Multiple groups had patches or aggregated parcels that extended 
the entirety of the 10-km transects (e.g., diatom).
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“deep” transects in 2015. Overall plankton patch size decreased 
with increasing water depth in continental waters, but not in oceanic 
waters (table S3). These vertical gradients were likely driven by 
significant variability identified in continental waters for taxa such 
as larval fish, physonect siphonophores, polychaetes, decapod shrimps, 
and other crustaceans (table S3).

Patch size differed between 2014 and 2015 for 12 groups. Among 
them, larval fish, salps, physonect siphonophores, polychaetes, 
other crustaceans, pelagic tunicates, urchin larvae, sea star larvae, 
tornaria larvae, and radiolarian patches were larger in 2014 than in 
2015 (Fig. 3 and fig. S2). The mean and variance in patch size for 
other groups such as cydippid ctenophores, cestid ctenophores, and 
other shrimps were relatively consistent in space and time (Fig. 3 
and fig. S2). In contrast, patch size for salps, doliolids, and narco-
medusae was highly variable across time and space.

Plankton patch and background densities
Our patch identification method inherently meant patches would 
be more concentrated than background abundances for a given 
planktonic taxon. However, this method only sets a minimum 
threshold; patches were far more densely packed in many instances 
(Fig. 4). Taxon-specific plankton patch concentrations were signifi-
cantly higher than background densities (Fig. 4 and table S4). This 
pattern was highly consistent across taxonomic groups, with stronger 
differences for taxa such as euphausiids and cydippid ctenophores 
(Fig. 4). Multiple plankton patches had densities in the top 75th 
quantile. In some cases, these intense concentrations of plankton 
extended over an order of magnitude (Fig. 4).

Overall “patch intensity” was another metric considered. This 
measures the degree of spatial heterogeneity experienced by an 
individual. It was estimated as the ratio of patch mean density to 
background mean density. Spatial heterogeneity (i.e., “patchiness”) 

becomes more acute as patch intensity exceeds a value of one, which 
would indicate the density of individuals in patches and the back-
ground are equal. Patch intensity values varied considerably within 
and among taxa in the SOF continental and oceanic waters. Among 
the 29 taxa that had patches in both areas, 90% had higher patch 
intensities in oceanic waters (table S4). The three exceptions to this 
pattern were tornaria larvae, urchin larvae, and calanoid copepods 
that had greater patch intensity in continental waters. The difference 
in patch intensities between oceanic and continental waters was 
notable for multiple taxa, many of which were gelatinous. These taxa 
included siphonophores (4017× oceanic versus 609× continental), 
echinoderm larvae (689× versus 285×), pelagic tunicates (203× 
versus 32×), salps (98× versus 9.7×), and narcomedusae (19× versus 
1.8×). Other groups also had greater patch intensities in oceanic 
waters, albeit with more muted contrasts. Cydippid ctenophore, 
calycophoran siphonophore, and other copepods patch intensities 
were similar in oceanic and continental (table S4). A few taxa only 
had patches identified in continental waters—the greatest patch 
intensity among those was Copilia spp. copepods at 836×.

The total number of patches of a particular plankton taxon 
increased monotonically with mean density (individuals per cubic 
meter) on a given transect to a threshold point and then subse-
quently declined. This pattern held across multiple taxonomic groups 
(Fig. 5), although for some groups, we captured only the increasing 
portion of this negative parabolic curve (e.g., cydippid and cestid 
ctenophores) and, for other taxa, the decreasing portion of the curve 
(e.g., larval fishes and pelagic tunicates). We hypothesize that the patch 
count generated a parabolic curve due to fewer (and longer) patches 
at higher densities (Fig. 5). Groups not shown on Figure 5 that also 
exhibited a significant, nonlinear relationship between patch count 
and background density included other shrimps, tornaria, other 
echinoderms, urchin larvae, other jellyfish, and doliolids (table S6).

Fig. 2. Plankton patch length scaled negatively with organism size. (A) In the SOF continental (green cross) and oceanic (blue circle) regions, mean patch length (m) 
increased as planktonic organism size (ESD, mm) decreased. Organism size explained 21 and 30% of variability in mean patch length in continental and oceanic waters, 
respectively. Shaded regions represent the 95% CI. (B) Dominant horizontal patch length scale. The dominant patch length scale for plankton groups for which we could 
accurately estimate the largest mode (value to right of each bar). Parenthetical values are each plankton group’s mean ESD (mm).
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DISCUSSION
A fundamental step in testing mechanistic hypotheses about factors 
affecting plankter fitness, behavior, community structure, and 
trophodynamics is determining whether a given phenomenon occurs 
across a wide range of scales or whether it is limited in ambit [sensu 
Levin (11)]. Only after answering this question of scale can causal 
mechanisms generating spatial or temporal patterns be resolved. 
The patchy structure of plankton in the horizontal dimension, first 
postulated by Haeckel (55), demonstrated by Hardy (56), and 
synthesized by Hutchinson (4), has been extensively measured in 
situ at scales exceeding 1 km for a diverse suite of taxa (10). At these 
scales, potential mechanisms generating and maintaining marine 
plankton patches include reproductive (i.e., egg laying in the same 
area), vectorial (e.g., nutrient and salinity gradients), and stochastic 
(i.e., large, random events), sensu Hutchinson (4). At spatial scales 
<1 km (micro-, fine-, and coarse scale), social (e.g., signaling and 
forage facilitation) and coactive (e.g., predation and niche parti-
tioning) processes are expected to dominate.

Earlier efforts to quantify fine-scale plankton patchiness in the 
horizontal dimension often either fit data to theoretical models 
derived from a particular spatial distribution or analyzed its spatial 

variance (57–59). While these approaches succeeded in revealing 
the existence of spatial heterogeneity and patchiness in plankton, 
they overlooked the structure, taxonomic diversity, and precise 
spatial position of individual patches (60)—parameters needed for 
identifying potential mechanisms driving aggregations. Only 
Wiebe (61) described fine-scale mean patch structure, and that 
effort focused on a few crustacean and pteropod species in a single 
habitat. We bridged that gap here through unobtrusive in situ 
sampling and automated classification of 32 million planktonic 
organisms. This approach allowed us to map the exact spatial position 
of each plankter in horizontal space simultaneously, identify whether 
they were in a patch, and estimate the structure of that patch. The 
dominant patch length scale we could conclusively measure that 
ranged from 0.6 to 244 m fell within the microscale (0.01 to 1 m) 
and fine scale (1 to 100 m). For each taxon, we quantified patch 
length, frequency of occurrence, and organism concentration at 
different depths in the same water masses—both those in proximity 
to the continental shelf and those more oceanic. Submesoscale 
currents, while potentially influential to ecological interactions that 
can generate spatial heterogeneity (14), were assumed to be of 
secondary importance relative to dominant flow of the Florida 

Fig. 3. Distribution of patch lengths. Distribution of patch lengths of representative planktonic taxa in the SOF continental and oceanic waters. Blue shaded boxplots 
are for 2014, and red shaded boxplots are for 2015. Colors darken with increasing depth (note absence of deep data in 2015).
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Current. Taxa with defined patches ranged in size and rarity from 
small, highly abundant acantharia protists and Oithona spp. copepods 
to rarer larval fishes and large cestid ctenophores.

Size scaling of patch length
Patch lengths varied by several orders of magnitude within and 
among taxa. Notably, we found a significant and negative relation-
ship between mean patch length and organism length, with a steeper 
negative slope (−4.08) in the oceanic compared with the continental 
environment (−3.27). Assuming a power of 3 relationship between 
carbon biomass and ESD [a reasonable assumption even consider-
ing the differences between crustacean and gelatinous zooplankton 
(62)], this implies a negative sublinear to negative linear (−0.27 
to −1.08) scaling between patch length and body mass. We also 
found that mean patch length was not only smaller in oceanic envi-
ronments but also decreased faster relative to organism size than in 
coastal environments.

The underlying drivers of plankton patch formation can be quite 
variable and can range from finding prey, avoiding predators, and 
locating mates (16). We had two a priori hypotheses: that patch 
length would scale positively with size if identifying favorable 
feeding environments were the dominant mechanism. There are 
numerous studies that suggest that animal home ranges and thus 
foraging ranges scale positively with size (29, 63, 64). Alternatively, 

patch length would scale negatively with size if aggregation were 
driven by predator avoidance (e.g., plankton form patches to achieve 
safety in numbers or to appear larger to a potential predator). We 
found a significant negative size scaling relationship for patch 
length. While this does not give conclusive evidence for one driver 
over the other in determining patch size, our results imply that 
mechanisms that include increasing density or effective size to 
protect against predation are more likely than prey searching for 
the formation of plankton patches.

Taxonomic variations in patch size
Previous size estimates of fine-scale patches are available for only 
five taxa (e.g., larval fishes, pteropods, euphausiids, shrimps, and 
gelatinous planktons) in our diverse assemblage of 36 groups. In 
subtropical, northern GOM (nGOM) waters, patches of larval fishes 
ranged from 37 to 100 m (12). In that study, the size of larval fish 
patches scaled with background abundance, i.e., larger patches 
occurred in areas with more larval fish. In the SOF, larval fish patch 
size also tended to increase with background densities. Median 
patch lengths ranged from 78 to 333 m in continental waters, where 
larval fish abundances were greater overall. In contrast, the median 
length of larval fish patches in oceanic waters (where background 
densities were lower) was shorter, ranging from 42 to 85 m. Pteropod 
and euphausiid patch length scales in the present study were in 

Fig. 4. Distribution taxon-specific patch and background densities. The distribution of taxon-specific density (individuals per cubic meter) within patches and over 
transects (i.e., background) in the SOF. Transect-level densities were calculated using the volume of the entire transect sampled. The dashed red line is the taxonomic Dmax 
value (see table S1 for values for all taxa). Note that the y axis scale is logarithmic (base 10). A complete list of t test statistics is available in table S5.
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range of Wiebe’s (61) daytime patch radii for those taxa (pteropod: 
14.4 m; euphausiid: 13.6 to15.0 m). The dominant patch length 
scales of SOF shrimp (12.3 to 18.9 m) and gelatinous plankton 
(8.7 to 244.1 m) were also coherent with Greer’s et al. (12) estimates 
from the nGOM (shrimp: 12 to 32 m; gelatinous plankton: 5 to 116 m). 
However, chaetognath patches in the SOF were 2000× larger than 
those in the nGOM (12). One possible reason for this difference 
could be the Dmax thresholds (table S1); ours was 23.5 m for 
chaetognaths, while that of Greer et al. (12) was <1.5 m.

We could not accurately estimate the patch size for several 
taxonomic groups of plankton, including protists, diatoms, and 
calanoid, and cyclopoid Oithona spp. copepods, because their patches 
spanned the entirety of our 10-km transects. While fine-scale 
patchiness in phytoplankton in horizontal space is possible (65), 

SOF diatom and protist patches exceeded 10 km in almost all cases. 
The scale of physical processes in this region (e.g., continental 
upwelling, passage of mesoscale eddies, and fast-moving western 
boundary current) may spread patches over a larger horizontal 
distance. Nonetheless, the length scales for phytoplankton and 
copepod aggregations were much larger than our study’s fine-scale 
focus. Longer sampling transects (50 to 100 km) are needed to 
elucidate the true patch length for copepods and phytoplankton 
groups and to determine whether the horizontal length scales of 
these trophically linked taxa are concordant in the SOF. Another 
consideration potentially affecting our estimates of patch length is if 
we happened to sample patches along a pycnocline. By sampling at 
a constant water depth, we would have entered and exited this 
continuous patch as its vertical position varied with the depth of the 

Fig. 5. Taxon-specific relationships between patch count and background density. Taxon-specific relationships between the total number of patches and background 
density (indiv. m−3) for each transect sampled in the SOF in 2014 and 2015. These were most often parabolic and best fit with a second- or third-degree polynomial model. 
Circle size represents each taxa’s mean patch size (m) on a given transect. Mean patch size was scaled for each taxon, so the relative difference in point size is valid within 
individual plots. Circle color represents the mean density of organisms in patches.
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pycnocline. In those cases, our estimates of patch length in the 
horizontal dimension for that transect would be underestimated 
and patch count overestimated.

Plankton patch and background densities
The density of organisms in patches (i.e., individuals per cubic 
meter) was significantly greater than the average background 
density for the same taxa. While this is not unexpected because of 
our definition of “patch,” in all cases, mean patch density was higher 
than the defined level, and in many cases, the patch density was 
more than 10× greater than the background density. These results 
are quantitative evidence that the mean background density of 
plankton measured by sampling gear that integrates over the water 
column (i.e., nets) does not represent the actual biological environ-
ment an individual plankter experiences. However, the distributions 
of plankters, their prey, and predators are extremely heterogeneous 
in both horizontal and vertical space. These densely packed 
horizontal plankton patches explain, in part, the success of critical 
ecological processes such as individual growth and reproduction 
otherwise not sustainable in a low productivity environment with 
homogenously distributed individuals (22).

To the best of our knowledge, only two previous studies have 
estimated patch intensity for plankton in horizontal dimension. In the 
Svalbard polar front, patch intensities of calanoid copepods, Oithona 
spp. copepods, hydromedusae, chaetognaths, appendicularians, and 
meroplankton ranged from 3.2× to 16.7× (13). SOF patch intensity 
estimates for these same groups tended to be lower (e.g., calanoid 
copepods, 2×). Only SOF relative patch intensities of Oithona spp. 
(2×) and hydromedusae (3×) were comparable. Because physical 
drivers, swimming ability, and locating prey play a role in patch 
formation and maintenance (16), it is logical that the Svalbard front 
had higher intensity plankton patches compared with the subtropical 
SOF. Except for large copepods, Svalbard zooplanktons were 
concentrated at the frontal physical discontinuity (13). They posit 
that the relatively enhanced swimming ability of large copepods 
[swimming velocity scales with organism mass (66)] compared with 
other smaller taxa allowed the copepods to form biologically cued 
aggregations. While the SOF is physically dynamic, in this study, we 
did not sample distinct submesoscale features such as fronts or 
eddies that may drive patch formation. Wiebe (61) also calculated 
this metric for patches of a tropical pteropod (3.3×), chaetognath 
(3.1×), a poecilostomatoid copepod (2.6×), and three euphausiid 
species (3.1× to 5.1×). Relative patch intensity of pteropod and 
chaetognath in the SOF were marginally lower than his estimates, 
but the patch intensities for SOF Copilia spp. (835×) poecilostoma-
toid copepods and euphausiids (17×) were markedly higher than 
Wiebe’s values.

Comparison of the number of patches of a given plankton taxon 
on a transect to the mean density of that taxon over the entire 
transect yielded an interesting and consistent pattern. For multiple taxa, 
including decapod shrimp, pteropods, and physonect siphonphores, 
the relationship between frequency of patches on a given transect 
and the mean transect density was nonlinear. While initially in-
creasing with mean transect density, in most instances, patch counts 
declined after reaching an inflection or vertex point (Fig. 5). This 
taxon-specific inflection point combined with increasing patch 
lengths after the inflection point indicate that there is a mean 
abundance at which smaller patches begin to merge into larger 
(but fewer) patches. As the patch length and corresponding patch 

volume increased, the densities of individuals within patches 
tended to decline.

Four taxonomic groups (i.e., cydippid ctenophores, cestid 
ctenophores, pelagic tunicates, and larval fishes; not all shown in 
Fig. 5) did not follow this parabolic pattern and instead exhibited 
significant linear relationships. For cydippid ctenophores, cestid 
ctenophores, and pelagic tunicates, the patch count rose consistently 
with background density. In contrast, the number of larval fish 
patches declined with increasing background densities. We considered 
three interpretations of these exceptions. First, mechanisms driving 
these patterns could differ among taxa, and the linear relationships 
may be expressions of that variability. This interpretation seems 
unlikely given the consistency of the pattern among the 14 other 
taxonomically diverse groups. A second hypothesis is that we only 
captured a portion of a response curve due to a sampling limitation 
(e.g., not sampling a large enough range in background densities). 
A third possibility is that the response of those four taxa was 
constrained by an unknown mechanism. The second and third 
hypotheses are more consistent with the nonlinear pattern exhibited 
by the other groups. For example, similar to physonect siphonophores 
and pteropods, larval fish mean patch size became larger as the 
number of patches declined (Fig. 5). The dominant length scales of 
patches for all taxa with significant relationships (including the 
divergent four) are at the fine scale and on the same order of 
magnitude (Fig. 2B). A reproductive driver is unlikely given marked 
variability in reproductive and life history strategies among the 
18 taxonomic groups for which we identified a pattern. Meroplankton 
(e.g., larval fish) and holoplankton (e.g., cydippid ctenophore) are 
represented, as are taxa that have alternating sexual and asexual 
reproductive stages (e.g., salps). Many species within these groups 
also consume primary production. The fine scale at which 
patchiness was observed may be due to coactive or social processes 
(e.g., signaling, predation; competition, response to prey) as 
hypothesized by Hutchinson (4).

Continental versus oceanic patch structure
Our results demonstrate that while patch metrics varied greatly 
among plankton taxa at fine- to coarse scales, plankton patches 
were more frequent and larger in continental than in oceanic 
waters. A greater number of patches in an environment where 
plankton are more abundant is somewhat intuitive, as more indi-
viduals are available to aggregate, although such relationships are 
not necessarily the case as substantially higher abundances could 
potentially contribute to a higher uniformity. Of the 36 plankton 
groups analyzed, 91% were more abundant in continental waters 
relative to oceanic areas.

The continental versus oceanic contrast in patch frequency and 
size suggests that the drivers of plankton patchiness, such as physical 
gradients and discontinuities, and the interplay between those condi-
tions and taxon-specific individual organism behaviors are stronger 
in more physically dynamic waters. Maximal flow along the western 
boundary of the Florida Current generates horizontal and vertical 
structure in the flow field; specifically, the isopycnals tilt upward on the 
western edge, creating an upwelling of cooler, salty water and nutrients 
(50). This physical structure and associated gradients in vertical current 
shear and nutrient concentrations stimulates phytoplankton produc-
tion and, in turn, the aggregation of zooplankton consumers opti-
mizing foraging opportunities (16, 67, 68). Enhanced phytoplankton 
productivity via upwelled nutrients would attract a multitude of 
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zooplankton grazers sampled in our study, including calanoid and 
cyclopoid Oithona spp. copepods, shrimp, and euphausiids.

Localized vertical shear can also aggregate large gelatinous 
predators such as scyphozoan medusa when individuals swim into 
the current to increase prey encounter rate (69). In contrast, smaller 
gelatinous predators such as ctenophores actively avoid hydrodynamic 
mixing (70). This divergent behavioral response may explain why 
patches of physonect siphonophores (10- to 20-cm total length) 
were generally longer and more variable in continental waters than 
cydippid ctenophores [0.5- to 1-cm diameter; (40)].

As anthropogenic climate change continues to alter the physical 
nature of continental and oceanic environments in ways directly affect-
ing planktonic systems, including temperature (71), acidification (72), 
and upper water-column stratification (73), the ecological conse-
quences of these physical changes are numerous. The upper ocean 
ecosystem has experienced reduced net primary productivity, 
mesozooplankton biomass, and fish abundance (74, 75). Many tem-
perate, subtropical, and tropical marine ecosystems have exhibited 
range and phenological shifts, as well as assemblages characterized 
by more smaller, warm-water species (76), with the further expansion 
of the subtropics projected under climate change (77). One implica-
tion of the size scaling of patch length that we observed is that under 
climate change, patch length would be expected to decrease as organ-
ism size decreases (78). This change would have broad implications 
for overall energy expenditure and foraging efficiency for higher 
trophic-level predators such as fish, seabirds, and marine mammals.

Conclusion
Patch frequency, density, and size in the horizontal dimension 
varied greatly among the 36 plankton taxa sampled in contrasting 
subtropical continental and oceanic waters. The dominant length 
scale of patches was at the microscale (0.1 to 1 m) and fine scale 
(1 to 100 m), with most length scales between 10 and 30 m. We found 
a significant negative size scaling relationship for patch length in 
both continental and oceanic waters, suggesting that increasing 
aggregation size to protect against predation was more likely than 
prey searching for patch formation. Patches tended to be more 
frequent and larger in continental than in oceanic waters for multiple 
taxa such as larval fishes, physonect siphonophores, and pteropods. 
For some other taxa (e.g., euphausiids and cydippid ctenophores) 
differences were not significant between water masses. The density 
of individuals within patches was 1.2× to 4017× greater than the 
background density of the same taxon. Patches of Copilia spp. 
copepods, euphausiids, salps, and cestid ctenophores were especially 
concentrated. These results clearly demonstrate that the mean 
background density of a plankton group does not represent the 
actual biological environment an individual plankter experiences. 
Last, the relationship between total patch count and mean back-
ground density is consistently nonlinear for multiple plankton taxa, 
with many exhibiting inflection points, after which patch counts 
declined with increased background densities. Our empirical 
quantification of in situ patch structure for individual taxonomic 
groups at the micro and fine scale sets the stage to ask future, 
advanced ecological questions about coactive drivers, including 
taxonomic groups coexisting in the same patch space, predator-prey 
interactions, competition, and niche partitioning. Further, this 
deeper understanding of plankton patch structure will help refine 
complex biogeochemical models to predict ecological and popula-
tion responses to changing oceanographic conditions.

MATERIALS AND METHODS
Experimental design
Plankton were sampled during 28 May to 5 June 2014 and 18 to 
26 June 2015 in continental and oceanic waters of the SOF using an 
ISIIS (39, 79). Because the ISIIS is towed at 5 knots, a large area can 
be sampled relatively quickly, limiting aliasing. A drogue was deployed 
at sunrise each day before sampling, and ISIIS tows were conducted 
within sight of the drogue to ensure the same water mass was sampled 
during each tow. We towed ISIIS behind the R/V Walton Smith at 
discrete depths (15 m, shallow; 30 m, mid-depth; and 50 m, deep in 
2014; 15 and 30  m in 2015) along an average transect length of 
10.8 km (±2.6 km, 1 SD) in continental (n = 21 transects) and 
oceanic (n = 18 transects) areas. ISIIS vignettes were segmented and 
classified using an automated spatially sparse convolutional neural 
network (sCNN) trained to sort vignettes (53).

Image processing
Training library
We used the same sCNN classifier training library as in (80). Training 
set development was an iterative process where experts sorted 
plankton vignettes into classes, trained the sCNN, tested the classifier 
on the same set of vignettes, and then manually resorted vignettes 
or added classes based on the performance of the classifier (e.g., 
creating three classes of appendicularians based on tail shape). Most 
classes had hundreds or thousands of vignettes, with a few containing 
20 to 100 (National Centers for Environmental Information, doi: 
10.7289/v5d21vjd).

Classes were added or modified after each training-testing 
iteration if confusion matrix metrics indicated consistent classifier 
errors. The training library was finalized after the classifier perform
ance reached an error rate <5% for 400 epochs. The final library had 
61,445 vignettes in 125 classes. Classes were assigned to broader 
taxonomic groups and confusion matrix metrics estimated (80).
Class predictions
The sCNN classifier generated for each plankton vignette and class 
combination a probability value ranging from 0 (least likely) to 1 
(most likely). Because these values represented the likelihood a 
vignette belonged to that class, vignettes were assigned to the class 
with the maximum probability. To maintain an overall precision of 
90% for a taxonomic group, group- and year-specific probability 
filtering thresholds were applied (53, 80). Filtering thresholds were 
identified by (i) manually classifying vignettes (separate from the 
training library and confusion matrix sets) drawn randomly from 
each sampling year (2014: 71,969, 2015: 66,405), (ii) iteratively 
setting each classification score within the group’s vignettes as a 
threshold, and (iii) calculating the precision for vignettes with 
scores greater than the threshold. A Loess curve was fitted through 
these precision score threshold data. The classification score corre-
sponding to a 90% precision was set as the group’s filtering threshold 
(80). Vignettes with scores less than the filtering threshold value 
were reclassified as unknown. A count of one was then applied to 
each classified vignette. True zeros for each group (i.e., frames with 
no or all unknown plankton vignettes) were included.
Confusion matrix
The overall ISIIS confusion matrix was generated from 143,418 
vignettes randomly sampled from data collected in 2014 and 2015 in 
the SOF (2014: 48,633 vignettes, 2015: 94,785 vignettes. Sampling 
years were combined to provide the largest number of images to 
evaluate the sCNN classifier’s performance. Because of the random 
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sampling approach, representation of taxa in the confusion matrix 
sample was proportional to their natural frequency of occurrence. 
Each vignette was manually identified by one human expert and 
then reviewed by a second to confirm the classification. The confu-
sion matrix and associated metrics of classifier performance (e.g., 
precision) were generated at the group level using the validated 
vignettes after applying filtering thresholds. The average precision 
was 89.0% across all groups; mean recall (number of correct 
positive results/number of positive results that should have been re-
turned) was 50%. The F1 metric, a metric of the classifier’s accuracy, 
was 58.8%. Classifier performance varied across taxonomic groups 
(80). Precision for larval fish, a rare but key group, was high (88.2%); 
however, recall (41.2%) was low, yielding an F1 score of 56.2%. 
Diatoms, appendicularians, tornaria larvae, and Oithona spp. 
copepods all had F1 values >90% (80). The correction factor for each 
group (precision/recall) was calculated for each group and applied 
to scale the number of individuals identified in each three-frame bin.
Distance to next encounter
Individual observations were binned for each plankton group by 
finding the total number of organisms in three, sequential frames 
representing 24.6 liters of water. This binning step was necessary to 
perform the DNE analysis as the variance with the data at the original 
single-frame frequency was too high.

The distance between each pair of sampling points was calculated 
using points within 10  m of target depths (15, 30, and 50 m). 
Despite this range, variation from targets was minimal (mean ± 1 SD, 
2014: shallow, 14.9 ± 2.0 m; mid, 30.1 ± 1.8 m; and deep, 50.4 ± 4.3 m; 
2015: shallow, 15.1 ± 0.7 m and mid, 29.9 ± 2.2 m). Splitting the data 
by group, sampling points ordered by time were binned every 60 s, 
and the distance (m) traveled between each bin was obtained using 
the Law of Cosines, which allowed us to account for the horizontal 
(x) and vertical change (i.e., depth, z) in vehicle position (Eq. 1). 
The mean distance traveled between sampling points in each bin 
was then calculated. Mean distances were added cumulatively along 
the entire transect to find each sampling point’s distance from start 
(m). This is a modification of existing DNE methods (12, 54)

	​​
c  = ​

2
 √ 
─────────────

  ​(​x​ 2​​ − ​x​ 1​​)​​ 2​ + ​(​z​ 2​​ − ​z​ 1​​)​​ 2​ ​
​     =  1.570796 − ​tan​​ −1​(​z​ 2​​ / y)​   

Distance traveled ​(m)​ 60s​​  = ​
2
 √ 
──────────────

  ​z​1​ 2​ + ​c​​ 2​ − 2(​z​ 1​​ × c × cos) ​

​​	 Eq. 1

The maximum distance allowed between individuals to be 
assigned to an aggregation was set by a threshold value (Dmax). The 
Dmax was found for each group by comparing a theoretical, random 
distribution of DNE values to observed DNE values. The group-
specific theoretical DNE distribution was estimated by generating 
1000 random distributions (histogram bin size = 0.5 m) for each 
group-transect combination assuming a uniform distribution using 
presence-only observations and setting the range as the DNE mini-
mum and maximum. A grand theoretical distribution was calculated 
by finding the mean and lower 95% CI of counts for each bin. This 
grand distribution was merged by bin with mean real DNE counts 
(rounded to the nearest integer) from all transects. The smallest bin 
with mean real DNE counts equal to zero and significantly lower 
than the theoretical lower 95% CI count was denoted as the group’s 
Dmax (table S1).

Patch definition
Plankton aggregations were identified for each taxonomic group in 
each three-frame binned sampling point (hereafter, sampling point) 
using the modified DNE analysis. Transect sections where individuals 
were highly aggregated (“patches”) were identified as those where 
the DNE of sampling points’ less than or equal to Dmax, the group’s 
within-patch distance threshold, and where a minimum density 
(individuals per cubic meter) threshold was exceeded (table S1). 
This threshold was defined as the 95% CI above a group’s grand 
mean density (i.e., across the entire study; table S1). Breaks between 
patches were identified as locations where the distance between a 
pair of sequential points (in patches) was greater than or equal to 
Dmax. A distinction is made between sections of sampling points 
where organisms were present but with DNEs ≥Dmax (“random” 
parcels) and those with no organisms at all (“zero” parcels).

Statistical analyses
All analyses were performed in “R” (81) (R Core 2020).
Patch frequency
We tested contrasts in the weighted mean patch counts of “living” 
plankton groups between continental and oceanic areas using the 
“chisq.test” function from the “stats” package. A weighted patch 
count was used because the sampling effort in these two areas was 
slightly unbalanced during 2014 and 2015. The weighting factor 
was the quotient of the total distance assuming equal effort and the 
actual total distance sampled. For 2014, the equal effort distance 
was 124.7 km, and actual distances were 125.2 km (continental) and 
124.3 km (oceanic), yielding weighting factors of 0.997 and 1.003. 
For 2015, the equal effort distance was 85.4 km, and actual distances 
were 105.6 km (continental) and 65.2 km (oceanic), yielding weighting 
factors of 0.809 and 1.309. The total patch counts for each area and 
year were multiplied by their respective weighting factor. Patch 
frequency was considered significantly different than random at 
  =  0.05. We used the “chisq.posthoc.test” function with the 
“Bonferroni” method for P value adjustment for post hoc, pairwise 
comparisons among classes (i.e., area and depth).
Patch length
We tested for relationships between mean patch length and organism 
size using the mean ESD of the taxonomic groups. ESD was deter-
mined by measuring the area of the largest particle in each vignette 
using the Python 2.7 OpenCV library and then converting to 
diameter assuming a perfect circle. Vignettes were obtained during 
the same 2014 sampling period and region as the present study but 
from a separate 0- to 50-m undulation transect. Despite the ESD 
data coming from a separate transect, the imaging data were pro-
cessed in the same way as in the present study. In addition, the 
number of vignettes used for ESD measurements totaled 24 million, 
giving us high confidence that the mean group-level ESD measure-
ments are representative of those of the present study.

We tested for depth and area contrasts in patch length for 
individual taxonomic groups (e.g., larval fishes) using linear mixed 
effects models (“lme” function from the “nlme” package). Models 
were fit by maximizing the restricted log likelihood. Untransformed 
patch length data were checked for normality using Shapiro’s test 
(“shapiro.test”) from the stats package, and heteroscedasticity by 
examining the model residuals. In all cases, patch length data needed 
to be log10 transformed to improve normality. The fixed main 
factors were depth and area, and year was set as a random factor 
(random = ~1|year). lme models were also initially fit with an 
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interaction term for depth and area. We used an ANOVA function 
for linear mixed effect models (“anova.lme”) from the nlme package 
to evaluate the significance of the fixed and random terms to patch 
length. The interaction term was removed if it were nonsignificant 
(P > 0.05), and the model was refit using only the fixed main factors 
of depth and area and the random year factor. If the overall model 
were significant (P  <  0.05), then a Tukey post hoc test was per-
formed to evaluate the effect of area or depth using the general linear 
hypothesis “glht” function from the “multcomp” package. The 
Bonferroni method was used to adjust the post hoc test P values. 
The effect of the random factor year was tested by comparing 
models with and without the year factor using the “anova” function 
from the stats package. Models without the random year factor were 
fit using the generalized least squares “gls” function from the nlme 
package. Ten taxa had insufficient sample sizes to perform statistics: 
siphonophore other (n = 4), calanoid copepod (n = 3), diatom 
(n  =  5), protist (n  =  4), trichodesmium (n  =  3), appendicularian 
(n = 5), chaetognath (n = 4), Oithona spp. copepods (n = 2), lobate 
ctenophore, and acantharian protist (n = 4). Copilia spp. copepod 
and echinoderm larvae patch data were too unbalanced.
Patch density and patch count versus background densities
Patch intensity was measured as the ratio of patch mean density to 
background mean density in a domain (e.g., a transect). We 
compared patch versus background densities (individuals per cubic 
meter) for each taxonomic group using a t test (“t.test” function 
from the stats package of the mean patch and transect density for 
each transect).

The relationship between total patch count along a transect and 
background density for each taxonomic group was evaluated using 
the “lm” function from the stats package. Linear, quadratic, cubic, 
and quartic polynomial models were fit to the data and compared 
using the “anova” function from the “stats” package and the 
models’ R2 values.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2904

REFERENCES AND NOTES
	 1.	 P. Pinel-Alloul, Spatial heterogeneity as a multiscale characteristic of zooplankton 

community. Hydrobiologia 300-301, 17–42 (1995).
	 2.	 R. M. Cassie, Frequency distribution models in the ecology of plankton and other 

organisms. J. Anim. Ecol. 31, 65–92 (1962).
	 3.	 S. Frontier, Étude statistique de la dispersion du zooplancton. J. Exp. Mar. Biol. Ecol. 12, 

229–262 (1973).
	 4.	 G. E. Hutchinson, The concept of pattern in ecology. Proc. Acad. Natl. Sci. Phila. 105, 1–12 

(1953).
	 5.	 R. Cassie, Microdistribution of plankton. Oceanogr. Mar. Biol. Annu. Rev. 1, 223–252 (1963).
	 6.	 S. A. Levin, L. A. Segel, Hypothesis for origin of planktonic patchiness. Nature 259, 

659–659 (1976).
	 7.	 R. W. Owen, Microscale and finescale variations of small plankton in coastal and pelagic 

environments. J. Mar. Res. 47, 197–240 (1989).
	 8.	 C. S. Davis, S. M. Gallager, A. R. Solow, Microaggregations of oceanic plankton observed 

by towed video microscopy. Science 257, 230–232 (1992).
	 9.	 K. J. Benoit-Bird, E. L. Shroyer, M. A. McManus, A critical scale in plankton aggregations 

across coastal ecosystems. Geophys. Res. Lett. 40, 3968–3974 (2013).
	 10.	 L.R. Haury, J.A. McGowan, P. H. Wiebe, in Spatial Patterns in Plankton Communities,  

J. H. Steele, Ed. (Plenum Press, 1978), pp. 277–327.
	 11.	 S. A. Levin, The problem of pattern and scale in ecology: The Robert H. MacArthur award 

lecture. Ecology 73, 1943–1967 (1992).
	 12.	 A. T. Greer, C. B. Woodson, C. E. Smith, C. M. Guigand, R. K. Cowen, Examining 

mesozooplankton patch structure and its implications for trophic interactions 
in the northern Gulf of Mexico. J. Plankton Res. 38, 1115–1134 (2016).

	 13.	 E. Trudnowska, M. Gluchowska, A. Beszczynska-Möller, K. Blachowiak-Samolyk, 
S. Kwasniewski, Plankton patchiness in the Polar Front region of the West Spitsbergen 
Shelf. Mar. Ecol. Prog. Ser. 560, 1–18 (2016).

	 14.	 M. Lévy, P. J. S. Franks, K. S. Smith, The role of submesoscale currents in structuring 
marine ecosystems. Nat. Commun. 9, 4758 (2018).

	 15.	 J. C. Prairie, K. R. Sutherland, K. J. Nickols, A. M. Kaltenberg, Biophysical interactions 
in the plankton: A cross-scale review. Limnol. Oceanogr. Fluids Environ. 2, 121–145 (2012).

	 16.	 C. L. Folt, C. W. Burns, Biological drivers of zooplankton patchiness. Trends Ecol. Evol. 14, 
300–305 (1999).

	 17.	 M. A. McManus, A. L. Alldredge, A. H. Barnard, E. Boss, J. F. Case, T. J. Cowles, 
P. L. Donaghay, L. B. Eisner, D. J. Gifford, C. F. Greenlaw, C. M. Herren, D. V. Holliday, 
D. Johnson, S. MacIntyre, D. M. McGehee, T. R. Osborn, M. J. Perry, R. E. Pieper, 
J. E. B. Rines, D. C. Smith, J. M. Sullivan, M. K. Talbot, M. S. Twardowski, A. Weidemann, 
J. R. Zaneveld, Characteristics, distribution and persistence of thin layers over a 48 hour 
period. Mar. Ecol. Prog. Ser. 261, 1–19 (2003).

	 18.	 K. J. Benoit-Bird, T. J. Cowles, C. E. Wingard, Edge gradients provide evidence 
of ecological interactions in planktonic thin layers. Limnol. Oceanogr. 54, 1382–1392 
(2009).

	 19.	 K. A. Pitt, D. T. Welsh, R. H. Condon, Influence of jellyfish blooms on carbon, nitrogen 
and phosphorus cycling and plankton production. Hydrobiologia 616, 133–149 (2009).

	 20.	 M. M. Mullin, E. R. Brooks, Some consequences of distributional heterogeneity 
of phytoplankton and zooplankton. Limnol. Oceanogr. 21, 784–796 (1976).

	 21.	 B. J. Rothschild, T. R. Osborn, Small-scale turbulence and plankton contact rates. 
J. Plankton Res. 10, 465–474 (1988).

	 22.	 R. Lasker, Field criteria for survival of anchovy larvae: The relation between inshore 
chlorophyll maximum layers and successful first feeding. Fish. Bull. U. S. A. 73, 453–462 
(1975).

	 23.	 B. H. Letcher, J. A. Rice, Prey patchiness and larval fish growth and survival: Inferences 
from an individual-based model. Ecol. Model. 95, 29–43 (1997).

	 24.	 K. V. Young, J. F. Dower, P. Pepin, A hierarchical analysis of the spatial distribution of larval 
fish prey. J. Plankton Res. 31, 687–700 (2009).

	 25.	 J. J. Ruzicka, J. H. Steele, S. K. Gaichas, D. J. Ballerini, R. D. Brodeur, E. E. Hofmann, Analysis 
of energy flow in US-GLOBEC ecosystems using end-to-end models. Oceanography 26, 
24–39 (2013).

	 26.	 K. L. Robinson, J. J. Ruzicka, M. B. Decker, R. D. Brodeur, F. J. Hernandez, J. Quinones, 
M. E. Acha, H. Mianzan, W. M. Graham, Jellyfish, forage fish and the world’s major 
fisheries. Oceanography 27, 104–115 (2014).

	 27.	 C. B. Woodson, S. Y. Litvin, Ocean fronts drive marine fishery production 
and biogeochemical cycling. Proc. Natl. Acad. Sci. 112, 1710–1715 (2015).

	 28.	 K. H. Andersen, T. Berge, R. J. Gonçalves, M. Hartvig, J. Heuschele, S. Hylander, 
N. S. Jacobsen, C. Lindemann, E. A. Martens, A. B. Neuheimer, K. Olsson, A. Palacz, 
A. E. F. Prowe, J. Sainmont, S. J. Traving, A. W. Visser, N. Wadhwa, T. Kiørboe, Characteristic 
sizes of life in the oceans, from bacteria to whales. Annu. Rev. Mar. Sci. 8, 217–241 (2016).

	 29.	 I. A. Hatton, A. P. Dobson, D. Storch, E. D. Galbraith, M. Loreau, Linking scaling laws across 
eukaryotes. Proc. Natl. Acad. Sci. 116, 21616–21622 (2019).

	 30.	 K. Shulzitski, S. Sponaugle, M. Hauff, K. D. Walter, R. K. Cowen, Encounter with mesoscale 
eddies enhances survival to settlement in larval coral reef fishes. Proc. Natl. Acad. Sci. 113, 
6928–6933 (2016).

	 31.	 B. D. Dalziel, M. Novak, J. R. Watson, S. P. Ellner, Collective behaviour can stabilize 
ecosystems. Nat. Ecol. Evol. 5, 1435–1440 (2021).

	 32.	 D. V. Holliday, P. L. Donaghay, C. F. Greenlaw, J. M. Napp, J. M. Sullivan, High-frequency 
acoustics and bio-optics in ecosystems research. ICES J. Mar. Sci. 66, 974–980 (2009).

	 33.	 F. Lombard, E. Boss, A. M. Waite, M. Vogt, J. Uitz, L. Stemmann, H. M. Sosik, J. Schulz, 
J.-B. Romagnan, M. Picheral, J. Pearlman, M. D. Ohman, B. Niehoff, K. O. Möller, 
P. Miloslavich, A. Lara-Lpez, R. Kudela, R. M. Lopes, R. Kiko, L. Karp-Boss, J. S. Jaffe, 
M. H. Iversen, J.-O. Irisson, K. Fennel, H. Hauss, L. Guidi, G. Gorsky, S. L. C. Giering, 
P. Gaube, S. Gallager, G. Dubelaar, R. K. Cowen, F. Carlotti, C. Briseño-Avena, L. Berline, 
K. Benoit-Bird, N. Bax, S. Batten, S. D. Ayata, L. F. Artigas, W. Appeltans, Globally consistent 
quantitative observations of planktonic ecosystems. Front. Mar. Sci. 6, 196 (2019).

	 34.	 W. M. Hamner, L. P. Madin, A. L. Alldredge, R. W. Gilmer, P. P. Hamner, Underwater 
observations of gelatinous zooplankton: Sampling problems, feeding biology, 
and behavior. Limnol. Oceanogr. 20, 907–917 (1975).

	 35.	 A. Remsen, T. L. Hopkins, S. Samson, What you see is not what you catch: A comparison 
of concurrently collected net, optical plankton counter, and shadowed image particle 
profiling evaluation recorder data from the northeast Gulf of Mexico. Deep Sea Res. Part 
Oceanogr. Res. Pap. 51, 129–151 (2004).

	 36.	 C. S. Davis, S. M. Gallager, M. S. Berman, L. R. Haury, J. R. Strickler, The video plankton 
recorder (VPR): Design and initial results. Arch. Hydrobiol. Beih 36, 67–81 (1992).

	 37.	 M. S. Schmid, F. Maps, L. Fortier, Lipid load triggers migration to diapause in Arctic 
Calanus copepods—Insights from underwater imaging. J. Plankton Res. 40, 311–325 
(2018).

D
ow

nloaded from
 https://w

w
w

.science.org at N
ational O

ceanic and A
tm

ospheric A
dm

inistration H
eadquarters (M

A
IN

) on O
ctober 04, 2022

https://science.org/doi/10.1126/sciadv.abk2904
https://science.org/doi/10.1126/sciadv.abk2904


Robinson et al., Sci. Adv. 7, eabk2904 (2021)     19 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 12

	 38.	 T. L. Spanbauer, C. Briseño-Avena, K. J. Pitz, E. Suter, Salty sensors, fresh ideas: The use 
of molecular and imaging sensors in understanding plankton dynamics across marine 
and freshwater ecosystems. Limnol. Oceanogr. Lett. 5, 169–184 (2020).

	 39.	 R. K. Cowen, C. M. Guigand, In situ Ichthyoplankton Imaging System (ISIIS): System 
design and preliminary results. Limnol. Oceanogr. Methods 6, 126–132 (2008).

	 40.	 J. Y. Luo, B. Grassian, D. Tang, J.-O. Irisson, A. T. Greer, C. M. Guigand, S. McClatchie, 
R. K. Cowen, Environmental drivers of the fine-scale distribution of a gelatinous 
zooplankton community across a mesoscale front. Mar. Ecol. Prog. Ser. 510, 129–149 
(2014).

	 41.	 A. T. Greer, R. K. Cowen, C. M. Guigand, J. A. Hare, D. Tang, The role of internal waves 
in larval fish interactions with potential predators and prey. Prog. Oceanogr. 127, 47–61 
(2014).

	 42.	 A. T. Greer, R. K. Cowen, C. M. Guigand, M. A. McManus, J. C. Sevadjian, 
A. H. V. Timmerman, Relationships between phytoplankton thin layers and the fine-scale 
vertical distributions of two trophic levels of zooplankton. J. Plankton Res. 35, 939–956 
(2013).

	 43.	 K. Swieca, S. Sponaugle, C. Briseño-Avena, M. S. Schmid, R. D. Brodeur, R. K. Cowen, 
Changing with the tides: Fine-scale larval fish prey availability and predation pressure 
near a tidally modulated river plume. Mar. Ecol. Prog. Ser. 650, 217–238 (2020).

	 44.	 K. H. Mann, J. R. N. Lazier, Dynamics of Marine Ecosystems: Biological-Physical Interactions 
in the Oceans (Blackwell Publishing Ltd., ed. 3, 2005).

	 45.	 F. P. Chavez, Size distribution of phytoplankton in the central and eastern tropical Pacific. 
Glob. Biogeochem. Cycles 3, 27–35 (1989).

	 46.	 N. L. Goebel, C. A. Edwards, J. P. Zehr, M. J. Follows, S. G. Morgan, Modeled phytoplankton 
diversity and productivity in the California Current System. Glob. Clim. Change Mar. 
Ecosyst. 264, 37–47 (2013).

	 47.	 S. Neumann Leitão, M. de Melo Junior, F. de Figueiredo Porto Neto, A. P. Silva, X. F. G. Diaz, 
T. de Almeida e Silva, D. A. do Nascimento Vieira, L. G. P. Figueiredo, A. E. S. F. da Costa, 
J. R. de Santana, R. P. de Santana Campelo, P. A. M. de Castro Melo, V. T. Pessoa, 
S. M. de Albuquerque Lira, R. Schwamborn, Connectivity between coastal and oceanic 
zooplankton from Rio Grande do Norte in the Tropical Western Atlantic. Front. Mar. Sci. 
6, 287 (2019).

	 48.	 E. Acevedo-Trejos, G. Brandt, J. Bruggeman, A. Merico, Mechanisms shaping size 
structure and functional diversity of phytoplankton communities in the ocean. Sci. Rep. 
5, 8918 (2015).

	 49.	 K. D. Leaman, R. L. Molinari, P. S. Vertes, Structure and variability of the Florida Current at 
27°N: April 1982–July 1984. J. Phys. Oceanogr. 17, 565–583 (1987).

	 50.	 J.-Z. Zhang, M. O. Baringer, C. J. Fischer, J. A. Hooper V., An estimate of diapycnal nutrient 
fluxes to the euphotic zone in the Florida Straits. Sci. Rep. 7, 16098 (2017).

	 51.	 S. Sponaugle, J. Llopiz, L. Havel, T. Rankin, Spatial variation in larval growth and gut 
fullness in a coral reef fish. Mar. Ecol. Prog. Ser. 383, 239–249 (2009).

	 52.	 D. E. Richardson, J. K. Llopiz, C. M. Guigand, R. K. Cowen, Larval assemblages of large 
and medium-sized pelagic species in the Straits of Florida. Prog. Oceanogr. 86, 8–20 (2010).

	 53.	 J. Y. Luo, J.-O. Irisson, B. Graham, C. Guigand, A. Sarafraz, C. Mader, R. K. Cowen, 
Automated plankton image analysis using convolutional neural networks. Limnol. 
Oceanogr. Methods 16, 814–827 (2018).

	 54.	 W. J. S. Currie, M. Claereboudt, J. C. Roff, Gaps and patches in the ocean: A one-dimensional 
analysis of planktonic distributions. Mar. Ecol. Prog. Ser. 171, 15–21 (1998).

	 55.	 E. Haeckel, Plankton studies, in Report U.S. Commission Fishing and Fisheries (1889), 
pp. 565–641.

	 56.	 A. C. Hardy, Observations on the uneven distribution of oceanic plankton. Discov. Rep. 
11, 511–538 (1936).

	 57.	 K. L. Denman, T. Platt, The variance spectrum of phytoplankton in a turbulent ocean. 
J. Mar. Res. 34, 593–601 (1976).

	 58.	 A. Tsuda, H. Sugisaki, T. Ishimaru, T. Saino, T. Sato, White-noise-like distribution 
of the oceanic copepod Neocalanus cristatus in the subarctic North Pacific. Mar. Ecol. 
Prog. Ser. 97, 39–46 (1993).

	 59.	 P. J. S. Franks, Plankton patchiness, turbulent transport and spatial spectra. Mar. Ecol. 
Prog. Ser. 294, 295–309 (2005).

	 60.	 M. J. R. Fasham, M. V. Angel, H. S. J. Roe, An investigation of the spatial pattern 
of zooplankton using the Longhurst-Hardy plankton recorder. J. Exp. Mar. Biol. Ecol. 16, 
93–112 (1974).

	 61.	 P. H. Wiebe, Small-scale spatial distribution in oceanic zooplankton. Limnol. Oceanogr. 
15, 205–217 (1970).

	 62.	 K. A. Pitt, C. M. Duarte, C. H. Lucas, K. R. Sutherland, R. H. Condon, H. W. Mianzan, 
J. E. Purcell, K. L. Robinson, S.-i. Uye, Jellyfish body plans provide allometric advantages 
beyond low carbon content. PLOS ONE 8, e72683 (2013).

	 63.	 M. A. Tucker, T. J. Ord, T. L. Rogers, Evolutionary predictors of mammalian home range 
size: Body mass, diet and the environment. Glob. Ecol. Biogeogr. 23, 1105–1114 (2014).

	 64.	 N. Tamburello, I. M. Côté, N. K. Dulvy, Energy and the scaling of animal space use. Am. Nat. 
186, 196–211 (2015).

	 65.	 R. E. Breier, C. C. Lalescu, D. Waas, M. Wilczek, M. G. Mazza, Emergence of phytoplankton 
patchiness at small scales in mild turbulence. Proc. Natl. Acad. Sci. 115, 12112–12117 (2018).

	 66.	 J. L. Acuña, Á. López-Urrutia, S. Colin, Faking giants: The evolution of high prey clearance 
rates in jellyfishes. Science 333, 1627–1629 (2011).

	 67.	 W. M. Durham, R. Stocker, Thin phytoplankton layers: Characteristics, mechanisms, 
and consequences. Annu. Rev. Mar. Sci. 4, 177–207 (2011).

	 68.	 T. Kiørboe, E. Saiz, P. Tiselius, K. H. Andersen, Adaptive feeding behavior and functional 
responses in zooplankton. Limnol. Oceanogr. 63, 308–321 (2018).

	 69.	 K. C. Rakow, W. M. Graham, Orientation and swimming mechanics by 
the scyphomedusae Aurelia sp. in shear flow. Limnol. Oceanogr. 51, 1097–1106 (2006).

	 70.	 H. W. Mianzan, P. Martos, J. H. Costello, R. A. Guerrero, Avoidance of hydrodynamically 
mixed environments by Mnemiopsis leidyi (Ctenophora: Lobata) in open-sea populations 
from Patagonia, Argentina. Hydrobiologia. 645, 113–124 (2010).

	 71.	 A. J. Richardson, In hot water: Zooplankton and climate change. ICES J. Mar. Sci. 65, 
279–295 (2008).

	 72.	 S. C. Doney, V. J. Fabry, R. A. Feely, J. A. Kleypas, Ocean acidification: The other CO2 
problem. Annu. Rev. Mar. Sci. 1, 169–192 (2009).

	 73.	 R. Yamaguchi, T. Suga, Trend and variability in global upper-ocean stratification since 
the 1960s. J. Geophys. Res. Oceans. 124, 8933–8948 (2019).

	 74.	 C. A. Stock, J. G. John, R. R. Rykaczewski, R. G. Asch, W. W. L. Cheung, J. P. Dunne, 
K. D. Friedland, V. W. Y. Lam, J. L. Sarmiento, R. A. Watson, Reconciling fisheries catch 
and ocean productivity. Proc. Natl. Acad. Sci. 114, E1441–E1449 (2017).

	 75.	 H. K. Lotze, D. P. Tittensor, A. Bryndum-Buchholz, T. D. Eddy, W. W. L. Cheung, 
E. D. Galbraith, M. Barange, N. Barrier, D. Bianchi, J. L. Blanchard, L. Bopp, M. Büchner, 
C. M. Bulman, D. A. Carozza, V. Christensen, M. Coll, J. P. Dunne, E. A. Fulton, S. Jennings, 
M. C. Jones, S. Mackinson, O. Maury, S. Niiranen, R. Oliveros-Ramos, T. Roy, 
J. A. Fernandes, J. Schewe, Y.-J. Shin, T. A. M. Silva, J. Steenbeek, C. A. Stock, P. Verley, 
J. Volkholz, N. D. Walker, B. Worm, Global ensemble projections reveal trophic 
amplification of ocean biomass declines with climate change. Proc. Natl. Acad. Sci. U.S.A. 
116, 12907–12912 (2019).

	 76.	 W. T. Peterson, J. L. Fisher, P. T. Strub, X. Du, C. Risien, J. Peterson, C. T. Shaw, The pelagic 
ecosystem in the Northern California Current off Oregon during the 2014–2016 warm 
anomalies within the context of the past 20 years. J. Geophys. Res. Oceans. 122, 
7267–7290 (2017).

	 77.	 J. J. Polovina, J. P. Dunne, P. A. Woodworth, E. A. Howell, Projected expansion 
of the subtropical biome and contraction of the temperate and equatorial upwelling 
biomes in the North Pacific under global warming. ICES J. Mar. Sci. 68, 986–995 (2011).

	 78.	 K. H. Peter, U. Sommer, Phytoplankton cell size reduction in response to warming 
mediated by nutrient limitation. PLOS ONE 8, e71528 (2013).

	 79.	 M. R. Gleiber, S. Sponaugle, K. L. Robinson, R. K. Cowen, Food web constraints on larval 
growth in subtropical coral reef and pelagic fishes. Mar. Ecol. Prog. Ser. 650, 19–36 (2020).

	 80.	 M. S. Schmid, R. K. Cowen, K. Robinson, J. Y. Luo, C. Briseño-Avena, S. Sponaugle, Prey 
and predator overlap at the edge of a mesoscale eddy: Fine-scale, in-situ distributions 
to inform our understanding of oceanographic processes. Sci. Rep. 10, 921 (2020).

	 81.	 R Core Team, R: A Language and Environment for Statistical Computing (R Foundation for 
Statistical Computing, 2020; https://R-project.org/).

Acknowledgments: We thank the scientific party, especially C. Guigand, and the R/V Walton 
Smith crew for contributions to the field sampling. C. Hansen, M. Atkinson, M. Butensky, and 
M. Mason helped classify vignettes and sorted images for the training library and confusion 
matrices. We thank Kaggle and Booze Allen Hamilton for sponsoring the 2015 National Data 
Science Bowl, whose outcome provided the sCNN classifying algorithm. We are especially 
grateful to C. Sullivan and M. McCall from Oregon State University’s Center for Genomic 
Research and Biocomputing for setting up and running the image processing pipeline. Data 
analyses were enhanced by discussions with C. Briseño-Avena, M. Schmid, H. W. Fennie, and 
A. Greer. Funding: This study was supported by the National Science Foundation Division of 
Ocean Sciences (NSF OCE) Grant 1419987. During the preparation of this manuscript, K.L.R. 
was supported by NSF OCE RAPID 1760704 and GOMRI G-231805; S.S. and R.K.C. were 
supported by NSF OCE 1737399; and M.R.G. was supported by the Mamie Markham Research 
Award, Bill Wick Marine Fisheries Award, and Hatfield Marine Science Center Student 
Organization Research Award. Author contributions: K.L.R., J.Y.L., S.S., M.R.G., and R.K.C. 
collected the imagery data. K.L.R. and J.Y.L. processed the imagery data. K.L.R. and S.S. 
analyzed the data. K.L.R., S.S., and J.Y.L. wrote the manuscript. S.S. and R.K.C. conceived the 
study design. Competing interests: The authors declare that they have no competing 
interests. Data and materials availability: All data needed to evaluate the conclusions in the 
paper are present in the paper and/or the Supplementary Materials.

Submitted 3 July 2021
Accepted 29 September 2021
Published 19 November 2021
10.1126/sciadv.abk2904

D
ow

nloaded from
 https://w

w
w

.science.org at N
ational O

ceanic and A
tm

ospheric A
dm

inistration H
eadquarters (M

A
IN

) on O
ctober 04, 2022

https://R-project.org/


Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.
Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

Big or small, patchy all: Resolution of marine plankton patch structure at micro- to
submesoscales for 36 taxa
Kelly L. RobinsonSu SponaugleJessica Y. LuoMiram R. GleiberRobert K. Cowen

Sci. Adv., 7 (47), eabk2904. • DOI: 10.1126/sciadv.abk2904

View the article online
https://www.science.org/doi/10.1126/sciadv.abk2904
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org at N
ational O

ceanic and A
tm

ospheric A
dm

inistration H
eadquarters (M

A
IN

) on O
ctober 04, 2022

https://www.science.org/about/terms-service

