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ABSTRACT: Historically, gelatinous zooplankton have been considered important consumers or
predators in marine food webs, but more recently they have also been recognized as important
prey for many marine species. Here, we summarized data obtained from >100 Northeast Pacific
fish predators based on extensive gut content analysis (~450 000 stomachs examined) from broad-
scale demersal trawl surveys ranging from the Bering Sea to Southern California. In the Bering
Sea, we identified 27 predators on jellyfish and 23 on urochordates. In the Aleutian Islands, 14 and
18 predators were identified, respectively, and for the Gulf of Alaska, a total of 23 and 32 such
predators were documented. Off the West Coast of the contiguous USA, we identified 16 coelen-
terate predators and 7 urochordate predators. Many of these predators were not previously
known to prey on gelatinous zooplankton. Dominant consumers of coelenterates include prow-
fish, rockfishes, walleye pollock, sablefish, and grenadiers, and primary consumers of urochor-
dates included rockfishes, Atka mackerel, and sablefish. Pronounced seasonal and interannual
variability in gelatinous taxa occurrence was observed in several dominant fish predators. The
occurrence of jellyfish prey was generally much higher in diets of fishes examined fresh at sea
when compared with diets of the same species examined in the laboratory following preservation.
Differences in occurrence were less pronounced with the more durable urochordate prey. We
suggest that many existing estimates of predation on easily dissolved gelatinous prey may under-
estimate the true predation rate and the importance of these organisms in marine food webs.
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1. INTRODUCTION

Gelatinous zooplankton are conspicuous and often
extremely abundant components of many coastal
ecosystems (Richardson et al. 2009, Brotz et al. 2012,
Condon et al. 2013). They are known to impact
plankton and fish populations in many ecosystems
due to their high consumption rates. They may also
affect fish populations through direct predation on
early life stages or via competition with juveniles and
adults (Arai 1988, Purcell & Arai 2001, Opdal et al.
2019). Although some large-scale surveys (Mianzan
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et al. 1996, Diaz Briz et al. 2017, 2018) or literature
reviews (Kashkina 1986, Purcell & Arai 2001, Arai
2005, Ates 2017) have shown gelatinous taxa to be
important to many different predators, documenta-
tion of fish feeding on gelatinous zooplankton has
been limited for most marine ecosystems. In a search
of the extensive FishBase online database, Pauly et
al. (2009) found only 124 species known to consume
jellyfish, of which 11 are primarily gelatinous feed-
ers. As a result, gelatinous zooplankton are often
ignored or considered trophic ‘dead ends' in many
ecosystem models (Pauly et al. 2009).

© R. E. Hibpshman and outside the USA The U.S. Government
2021. Open Access under Creative Commons by Attribution
Licence. Use, distribution and reproduction are unrestricted.
Authors and original publication must be credited.

Publisher: Inter-Research - www.int-res.com

L)

Check for
updates



https://crossmark.crossref.org/dialog/?doi=10.3354/meps13489&amp;domain=pdf&amp;date_stamp=2021-01-21
https://crossmark.crossref.org/dialog/?doi=10.3354/meps13489&amp;domain=pdf&amp;date_stamp=2021-01-21

90 Mar Ecol Prog Ser 658: 89-104, 2021

The Northeast Pacific Ocean is a diverse and
highly productive region encompassing several
Large Marine Ecosystems (LMEs) that contribute
heavily to the world's fisheries catch. This region is
very dynamic, and is presently undergoing dramatic
changes in ecosystem functions and production. Of
particular relevance is the recent increase in ge-
latinous zooplankton in several Northeast Pacific
LMEsSs, related to both natural and human-induced
perturbations to the ecosystem (Brodeur et al.
2008, 2017, Brotz et al. 2012, Li et al. 2016, Uye &
Brodeur 2017). These increases may come at the
expense of production of many of their competitors
(e.g. krill and forage fishes), leading to very differ-
ent food webs than would occur in the absence of
these blooms (Ruzicka et al. 2012, 2020, Opdal et
al. 2019). Although some noteworthy, mostly pelagic,
predators such as chum salmon Onchorhychus
keta (Brodeur et al. 2007), sablefish Anoplopoma
fimbria (Laidig et al. 1997), widow Sebastes
entomelas (Adams 1987, Lee & Sampson 2009) and
blue S. mystinus rockfish (Hobson et al. 1996, Hob-
son & Chess 1988), and forage fishes (Brodeur et
al. 2019a) are known to consume various forms of
gelatinous zooplankton in marine waters of the
Northeast Pacific Ocean, we lack a general un-
derstanding of the overall importance of gelatinous
prey to the demersal food webs in these waters.
Studies of demersal fishes in other oceans indicate
that some taxa may be important consumers but
they are often overlooked as predators on gelati-
nous zooplankton (Arkhipkin & Laptikhovsky 2013,
Smith et al. 2016).

To evaluate the importance of gelatinous zoo-
plankton in the diets of juvenile and adult fishes
along the west coast of North America, we synthe-
sized fish and elasmobranch diet data from previ-
ously published studies or, when available, from
unpublished data sets and analyzed multiple spe-
cies in several geographical areas. Although there
are examples of studies from this region that found
gelatinous zooplankton to be important for individ-
ual predators, our aim was to examine multispecies
diet surveys from a broad array of demersal fishes
and elasmobranchs for frequency of occurrences
(or percent by weight when available) of gelatinous
prey, and to examine, where possible, interannual,
geographic, and spatial variation in the consump-
tion of major gelatinous prey organisms. We also
examined 2 different stomach sampling methodolo-
gies to evaluate potential biases in the detection
of gelatinous prey resulting from stomach sample
identification in a shore laboratory following preser-

vation, as opposed to identification at sea using
freshly caught specimens.

2. MATERIALS AND METHODS
2.1. Sampling programs

Starting in 1981, systematic collections have been
made of groundfish stomachs as part of the Re-
source Ecology and Ecosystem Modeling Task at
the Alaska Fisheries Science Center (AFSC) and
described in more detail in Livingston et al. (2017)
(data available from www.afsc.noaa.gov/REFM/
REEM/Data/Default.htm). Quantifying food web link-
ages is essential to increase our understanding of
how external forces such as fishing and climate
change may cause unanticipated shifts in ecosystem
composition. Stomach samples were primarily col-
lected from trawl-caught groundfish by NOAA
scientists aboard research surveys during the sum-
mer (mainly from the middle of May to the end of
August). In order to sample at other times of the
year, collections from commercial bottom (and some
midwater) trawls were made by Fishery Observers
from the same regions sampled by the surveys
but from months outside of AFSC survey periods.
Stomach samples that were preserved in the field
and returned to the lab for processing and data col-
lection account for the majority of our database. A
smaller number of stomach samples (<1%) were
analyzed at sea in as quantitative a manner as
possible by trained stomach analysts. Geographic
coverage of the data was categorized into 4 broad
regions: Bering Sea, Gulf of Alaska, Aleutian Is-
lands, and West Coast (Fig. la). For the latter
region, including California, Oregon, and Washing-
ton, sampling by the AFSC occurred only up to
1992 (Buckley et al. 1999).

Starting in 2005, stomach collections from the West
Coast Groundfish Bottom Trawl Survey conducted
by the Northwest Fisheries Science Center (NWFEFSC),
US National Marine Fisheries Service (Keller et al.
2017) were examined to document food web interac-
tions of a subset of key species. This survey is a depth
stratified, random sampling program that covers ap-
proximately the area from the US-Mexico border
(32°30'N) north to Cape Flattery, WA (48°10'N) and
covers a depth range of 55-1280 m (Fig. 1b). This
summer survey is conducted annually from mid-May
through July and late August through October. Up
to 5 samples tow™! were randomly collected from
non-embolized fish.
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2.2. Synthesis of fish diet studies in the Northeast
Pacific Ocean

Identification of specific taxa in predator stomachs
is subject to inherent biases not present in analysis of
plankton or benthic samples. Prey may only partially
be consumed by the predator or damaged in the in-
gestion and assimilation process. In particular, gelati-
nous prey are quickly digested in the stomachs of
fish predators compared to hard-bodied prey (Arai et
al. 2003); therefore, they often can only be identified
at broad taxonomic categories (Cnidaria, Ctenophora,
Thaliacea, and Appendicularia). The collective noun,
gelatinous zooplankton, encompasses many diverse
and often unrelated taxa, with varying life histories
and functional relationships (Lucas & Dawson 2014).
In our study we found it necessary to combine some
taxa with similar body forms due to the difficulty in
differentiating them in stomach samples by even the
most experience stomach analyst. The softer bodied
predatory forms including the Phyla Cnidaria and

Russia

Alaska

Ctenophora were combined into a coelenterate
group called ‘jellyfish’ by Lucas & Dawson (2014), as
well as in the present study, and the more rigid bod-
ied, filter-feeding pelagic thaliaceans and appendic-
ularians were combined as urochordates in our
analyses, even if they were able to be identified to
genera or species in the original study. We summa-
rized utilization of these 2 gelatinous groups using
both frequency of occurrence and gravimetric contri-
bution for each predator species. We also highlight
which species were examined with some intensity
but were not found to prey on gelatinous organisms
to any appreciable degree. In this study, we define a
gelativore as a taxon which had >25% by weight of
either group of gelatinous zooplankton in its diet.

2.3. Data collection and analysis

For the stomach contents data from Alaskan
waters, we used 2 different methods of processing

£

Fig. 1. (Continued on next page). Bottom trawl sampling intensity and geographic regions where diet data of fish were examined
and included in this study. Locations of (a) Alaska Fisheries Science Center (AFSC) stomach collections (WA: Washington; OR:
Oregon; CA: California); and (b) Northwest Fisheries Science Center (NWFSC) collections
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Fig. 1 (continued).

and data collection on the same species within the
same time period and region in several instances.
The first involved processing and analyzing stom-
achs at sea as fish first arrive on deck in a process
called Stomach Content ANalysis at Sea (SCANS).
Because of limited resources, equipment, and time
for fish stomach analysis at sea, SCANS were con-
ducted by stomach analysts with extensive experi-
ence identifying fish and invertebrate prey found in
each region. In the SCANS method, stomach con-
tents were identified to the lowest practical taxo-
nomic level and weighed to the nearest 0.5 g. The
other method involves stomachs excised at sea and
processed by initially fixing them in buffered 10 %
formalin. Upon returning the samples to the labora-
tory, the formalin was neutralized, the samples rinsed
with water, and then stored in 70% ethanol. The
stomach contents were removed and examined with
a dissecting microscope. Prey items were sorted and
identified to the lowest practical taxonomic level,
blotted dry, and then weighed to the nearest 0.01 g.
For both methods, the percentage of total prey weight
for each taxon, as well as the percentage of stomachs
containing each taxon, was calculated for each spe-

cies. The NWFSC stomach collections were preserved
at sea and analyzed in the laboratory. The stomachs
were excised, placed into individual cloth bags, and
preserved in 10 % buffered formalin at sea. The stom-
ach samples were subsequently rinsed in water and
stored in 70 % ethanol when returned to the labora-
tory at the conclusion of the survey. In the laboratory,
stomach contents were identified, blotted dry, and in-
dividual taxa were weighed to the nearest 0.01 g
damp weight.

Our sampling methods differ somewhat due to con-
straints imposed by time, conditions, equipment, and
references available to the analyst. Prior analysis in-
dicated that comparisons of the data from these dif-
fering methods produce differences in the ability to
detect and identify some prey types including some
soft-bodied prey (R. E. Hibpshman unpub. data). Pair-
wise comparisons were made between the frequency
of detection using SCANS and laboratory analysis of
the 2 main prey groups considered herein, jellyfish
(cnidarians and ctenophores) and urochordates (thalia-
ceans or larvaceans), for each predator/region/year.
Empty stomachs were excluded from the analyses.
For these binomial (presence/absence) data, Fisher's
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exact test was used when total sample size (laboratory
+ SCANS) was < 31 (preferred analysis when cell fre-
quencies are small) and the 2 x 2 contingency test
with Cochran's correction for continuity was used
when total sample size was >30 (Zar 1984).

3. RESULTS

We summarized diet information from 455969
stomach samples comprising more than 100 demersal
teleosts and elasmobranchs (Table 1). In the Bering
Sea, we identified 28 predators on jellyfish and 23
predators on urochordates (Table 1). Many species
exhibited low percent weight of gelatinous taxa, but
7 species had >3 % of their diet by weight consisting
of jellyfish along with 7 taxa showing similar weight
percentages of urochordates (Table S1 in the Supple-
ment at www.int-res.com/articles/suppl/m658p089_
supp.pdf). Dominant gelativores were the smooth
lumpsucker Aptocyclus ventricosa and prowfish Za-
prora silenus, but these species were not examined
in great numbers due to their rarity in the catches.
However, sablefish, walleye pollock Gadus chalco-
grammus, and Atka mackerel Pleurogrammus mono-
pterygius had >1% weight percentages, and are all
commercially exploited species (Table S1). In the
Aleutian Islands, 14 and 18 predators were identified
on the 2 gelatinous zooplankton groups (Table 1)
with a similar species composition as that observed in
the Bering Sea and the addition of several rockfish
species (Table S2). Four predators had >3% by
weight of jellyfishes and 6 had similar percentages
of urochordates. Prowfish was the dominant gelati-
vore in the Aleutian Island area but dark rockfish
Sebastes ciliatus, dusky rockfish S. variabilis, and
sablefish were also important (Table S2). A total of 24
and 32 gelatinous predators on the 2 groups were
found in the Gulf of Alaska (Table 1), with many of
the same dominant species as in the Bering Sea and
Aleutian Islands (Table S3). Seven species of jellyfish

predators and 9 species of urochordate predators
(>3 % by weight) were identified. Additional species
of gelativorous predators not found in the previous
regions include the searcher Bathymaster signatus,
barreleye Macorpinna microstoma, California head-
lightfish Diaphus theta, and the bluethroated argen-
tine Nansenia candida, but these predators are mainly
midwater or deep-sea species of little commercial
importance (Table S3).

The number of gelatinous zooplankton predators
along the West Coast varied between AFSC and
NWESC surveys. Of the 14 predators examined from
AFSC West Coast trawl surveys, 4 consumed coelen-
terates and 2 urochordates (Table 1). None of these
exceeded the 3% threshold of gelatinous consump-
tion (Table S4). The more recent NWFSC West Coast
collections showed much higher incidences of preda-
tion on both coelenterates (15 species) and urochor-
dates (6 species) than the previous survey (Table 1),
which may be due to the greater number of taxa with
sufficient sample sizes in the later period. Dominant
(>3 % by weight) consumers of coelenterates in this
survey included darkblotched S. crameri, yellowtail
S. flavidus, and widow rockfish, and dominant con-
sumers of urochordates included sablefish, Pacific
sanddabs Citharichthys sordidus, and widow rock-
fish (Table S5). None of the taxa in either West Coast
survey were considered to be major gelativores (i.e.
>25% by weight of the dietary items).

Based on frequency of gelatinous prey in stom-
achs, prowfish and sablefish had the highest occur-
rence (both >0.5) of coelenterates whereas gadids
(walleye pollock and Arctic cod Boreogadus saida)
and giant grenadier had the highest occurrence of
urochordates in the Bering Sea (Fig. 2a). In the
Aleutian Islands region, prowfish and dark rockfish
had the highest incidence of coelenterates, and
prowfish, dusky rockfish, and Atka mackerel had
high incidences of urochordates (Fig. 2b). Coelen-
terates were found in all the prowfish stomachs
examined in the Gulf of Alaska region, but only

Table 1. Years of collections, total number of species examined, total number of stomachs examined, and number and percent-
age of taxa containing jellyfish and urochordates by geographic area (Region). The total number of stomachs only includes
species with >10 stomachs containing identifiable prey items

Region Years No. of species No. of stomachs Containing jellyfish ~ Containing urochordates
examined examined n % n %
Bering Sea 1981-2017 92 312805 28 30.43 23 25.00
Aleutian Islands ~ 1981-2012 34 37088 14 41.18 18 52.94
Gulf of Alaska 1981-2017 72 84588 24 33.33 32 44.44
West Coast 1980-1992 14 16368 4 28.57 2 14.29
West Coast 2005-2017 22 5120 15 68.18 6 27.27
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Fig. 2. Proportional occurrence of jellyfish and urochordates in diets of several important fishes in NMFS bottom trawl surveys

in the (a) Bering Sea, (b) Aleutian Islands, (c) Gulf of Alaska, (d) AFSC west coast, and (e) NWFSC west coast for all years com-

bined. Sample size for each predator is shown in parentheses. See the Supplement (www.int-res.com/articles/suppl/m658
p089_supp.pdf) for scientific names
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smooth lumpsucker diets showed a preponder-
ance of urochordates (Fig. 2c). Both prey groups
were relatively less important in the 1980-1992
West Coast regions and only yellowtail rockfish had
>0.1 proportions for either of these prey groups
(Fig. 2d). The more recent data (2005-2017) showed
high incidences of coelenterates in widow and
darkblotched rockfish and higher occurrences of
urochordates only in sablefish (Fig. 2e).

We found that there were a number of species
that did not consume gelatinous prey in appreciable
proportions in all the geographic areas examined.
For the Bering Sea, some of the more notable non-
gelativorous species included Pacific cod Gadus
macrocephalus, arrowtooth flounder Atheresthes sto-
mias, Pacific halibut Hippoglossus stenolepis, Green-
land turbot Reinhardtius hippoglossoides, and Alaska
skate Bathyraja parmifera, all of which had >1500
stomachs examined (Table S1). Similarly, for the
Aleutian Islands region, arrowtooth flounder, Pacific
halibut, and Kamchatka flounder Atheresthes ever-
manni were intensely examined but lacked appre-
ciable proportions of gelatinous prey (Table S2).
For the Gulf of Alaska, Pacific cod, arrowtooth
flounder, and Pacific halibut were joined by flat-
head sole Hippoglossoides elassodon, rougheye
rockfish S. aleutianus, and shortspine thornyhead
Sebastolobus alascanus (Table S3). For the West
Coast surveys, notable non-gelativores included
Pacific hake Merluccius productus, Dover sole Micro-
stomus pacificus, arrowtooth flounder, lingcod Ophi-
odon elongatus, shortspine and longspine Sebastolo-
bus altivelis thornyhead, petrale sole Eopsetta
jordani, and Pacific ocean perch (Tables S4 & S5).

The spatial distribution of urochordate occurrences
for all groundfish predators combined was examined
for the northern 3 regions sampled among some con-
trasting years of high (2004 and 2013) and low (2009
and 2015) occurrence (Fig. 3). The spatial distribution
of hotspots of predation on urochordates varied by
year but appeared to be concentrated near canyons
along the outer shelf of the Bering Sea and in deep
passages between the Aleutian Islands (Fig. 3).
Along the west coast, there was only one confirmed
occurrence of urochordate predation from 2005-2014
(from a widow rockfish) despite extensive sampling
(Fig. 4). Urochordates, of which >99 % were pyro-
somes, became prevalent starting in 2015 and in-
creased in intensity in the diets of demersal fishes the
following 2 yr along the entire coast (Fig. 4).

In the northern regions, consistent sampling has
occurred since the 1980s, and we examined inter-
annual and seasonal variability for some dominant

species with adequate sample size (i.e. minimum
number of stomachs of at least 60 for any species/
year or species/month combination). Walleye pollock
showed substantial interannual variability in con-
sumption of urochordates in all 3 regions examined,
but the peak occurrences did not align among
the regions (Fig. 5). There was a slight increase in
occurrence of both jellyfish and urochordates
through the sampling period. Atka mackerel had
relatively stable occurrences of urochordates over
the last 30 yr of sampling (Fig. 5). Gulf of Alaska
sablefish fed at a higher frequency on jellyfish
than urochordates. The frequency of occurrence
of jellyfish in sablefish diet varied considerably
throughout the sampling period, whereas consump-
tion of urochordates increased during the latter por-
tion of the time series (Fig. 5). The monthly feeding
occurrence of urochordates showed substantial sea-
sonality for walleye pollock, although the month of
peak occurrence shifted from May in the Gulf of
Alaska, to June in the Aleutian Islands, to July in
the Bering Sea (Fig. 6). Aleutian Island Atka mack-
erel and Gulf of Alaska sablefish showed similar
patterns, although the latter consumed low amounts
of urochordates (Fig. 6). Jellyfish showed little sea-
sonality in their occurrence for walleye pollock and
Atka mackerel, but sablefish had higher occurrences
in spring and fall, with a decline in summer (Fig. 6).
The SCANS methodology detected significantly
higher occurrences of jellyfish in the diet of sablefish
(2007 and 2009) and significantly lower urochordates
in the diet of walleye pollock (2009 only) in the Gulf of
Alaska (Table 2). Other significant differences for
which the sample sizes are much lower included
prowfish, dusky rockfish, and dark rockfish from the
Aleutian Islands and Atka mackerel from the Gulf of
Alaska (Table 2). Specimens of jellyfish removed
from predator stomachs and then preserved were
completely dissolved when re-examined in the labo-
ratory (authors' pers. obs.); urochordates appear to
preserve relatively well by comparison (Table 2).

4. DISCUSSION

In an extensive survey ranging over much of the
western coast of North America from subarctic to
subtropical ecosystems, we identified numerous dem-
ersal fish and elasmobranch predators of both jelly-
fish and urochordates, some of which had never
previously been identified as predators of gelatinous
zooplankton. Among the dominant gelatinous pre-
dators we observed were walleye pollock, sablefish,
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Fig. 3. (Continued on next page). Haul-specific percent frequency of occurrence (%FO) of urochordates in the combined diets
of demersal fishes from the Bering Sea, Aleutian Islands, and Gulf of Alaska from bottom trawl surveys during (a) 2004, (b) 2009,
(c) 2013, and (d) 2015
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Fig. 4. Haul-specific percent frequency of occurrence (%FO) of urochordates in the combined diets of demersal fishes
from (a) the Northern and (b) the Southern regions of the West Coast bottom trawl surveys during 2005-2014, 2015, 2016, and 2017
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Atka mackerel, prowfish, along with many different
rockfish species. We also noted many species that did
not appear to utilize gelatinous zooplankton as prey
in any sizable amount in all regions examined. These
included many larger flatfishes that feed mostly on
large pelagic prey such as Pacific halibut, arrow-
tooth, and Kamchatka flounder, several microcarniv-
orous flatfishes (Dover, flathead and petrale sole),
Pacific cod and hake, and both shortspine and long-
spine thornyhead.

The interannual variation we observed in the
occurrence of gelatinous prey showed somewhat dif-
ferent patterns for the different LMEs for walleye
pollock, the species with one of the highest biomasses
(and sampling frequency) in the northern regions
(Fig. 5). Although jellyfish were not commonly con-
sumed by walleye pollock among the 3 examined
Alaskan regions (0.03, 0.33, and 0.032% for the
Bering Sea, Aleutian Islands, and Gulf of Alaska
respectively), urochordate predation varied in a
somewhat cyclical pattern for all 3 regions, although

the years of high abundance did not coincide among
regions (Fig. 5). Unfortunately, we do not have long
time series of the abundance of all jellyfishes in these
regions, but the Bering Sea pattern that was
observed from walleye pollock diets is reminiscent of
that found by Brodeur et al. (2008) for scyphome-
dusae in the same area. A large increase in urochor-
date predation by Gulf of Alaska walleye pollock
began in 2007, which occurred somewhat before the
documented increase in salp abundance that started
in 2011 (Li et al. 2016). These authors attributed this
increase in salp abundance and biomass throughout
the Gulf of Alaska to anomalous northward transport
that moved these generally offshore populations on
to the shelf. There are few time series of jellyfish
available for the Gulf of Alaska, but the jellyfish
bycatch from the bottom trawl survey from which the
fish stomachs (Fig. 4.4.4 in Uye & Brodeur 2017) were
collected exhibited high catches in 1990 and 2005,
similar to the sablefish patterns but very low catches
in 2011, another peak year of consumption (Fig. 5).
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Off the west coast, increases in gelatinous zoo-
plankton in both plankton tows and predator stom-
achs are likely the result of anomalous transport due
to an El Nino event or reduced upwelling (Brodeur &
Pearcy 1992, Brodeur et al. 2019a). Because of diffi-
culties in identifying specific gelatinous groups at
advanced digestion stages, we may lose some infor-
mation about finer scale spatiotemporal patterns.
However, particularly for the West Coast, almost all
identified thaliacians since 2014 were the pelagic
colonial pryrosome Pyrosoma atlanticum, which may
be more resistant than other gelatinous zooplankton
to digestion due to its rigid tunic. This species nor-
mally has a more subtropical distribution, and only
infrequently occurs in the Southern California Cur-
rent, but has occurred in extremely high abun-
dances in plankton and trawl collections throughout
the West Coast since the onset of an extended marine
heatwave, which started in 2014 (Brodeur et al. 2017,
2019b) and was particularly abundant in 2016 and
2017 (Miller et al. 2019). These pelagic tunicates ap-

peared in very high incidences in the diets of several
pelagic predators (pelagic rockfishes and salmon)
but also in a number of demersal species including
sablefish and some flatfishes that tended to feed pri-
marily on near-bottom prey. These latter occurrences
may have been due to utilization of recently dead
pyrosomes that sunk to the bottom where they could
be consumed by many demersal invertebrate and
vertebrate predators (Brodeur et al. 2017, Archer et
al. 2018). P. atlanticum was also reported from the
Gulf of Alaska in 2017 but in much reduced bio-
masses (Brodeur et al. 2017). Only 3 occurrences of
this pyrosome were noted among sampled fishes
from the Gulf of Alaska, all in 2017, and none were
observed in stomachs collected from the Bering Sea
or Aleutian Island area (G. M. Lang unpub. data).
The anomalous warm and generally unproductive
conditions associated with the 2015-2017 marine
heatwave likely shifted the dominant food sources
available to predators (Brodeur et al. 2019b), and
resulted in many species, including forage fish spe-
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Table 2. Percent frequency of occurrence (%FO) of jellyfish and urochordate prey in the diets of groundfishes in the Aleutian
Islands (AI) and Gulf of Alaska (GOA) based on laboratory (Lab) or at-sea (SCANS) analyses. Pair-wise comparisons indicate
significant differences by method for some predator/region/years (*p < 0.05, **p < 0.01, ***p < 0.001)

Predator Year Region Sample size Jellyfish %FO Urochordates %FO
Lab SCANS Lab SCANS Lab SCANS

Dark rockfish 2010 Al 10 8 0.0 52.9* 0.0 17.6
Dusky rockfish 2010 Al 8 4 0.0 100.0* 12.5 0.0
Prowfish 2010 Al 2 18 0.0 100.0* 0.0 5.6
Sablefish 2007 GOA 113 119 4. 18.5* 0.9 3.4
Sablefish 2009 GOA 225 109 4.0 16.5* 0.9 0.9
Sablefish 2010 Al 13 11 30.8 36.4 0.0 0.0
Atka mackerel 2007 GOA 23 11 0.0 0.0 21.7 63.6*
Atka mackerel 2009 GOA 17 15 0.0 0.0 11.8 13.3
Atka mackerel 2010 Al 283 107 0.0 1.9 15.9 13.1
Walleye pollock 2007 GOA 347 442 0.0 1.8 20.2 18.3
Walleye pollock 2009 GOA 659 359 0.0 0.3 38.8* 11.1
Walleye pollock 2010 Al 284 137 0.4 1.5 27.1 24.1

cies that generally feed on small crustaceans, feed-
ing extensively on gelatinous zooplankton (Brodeur
et al. 2019b). Similar feeding opportunistically on
pelagic tunicates by Argentine anchovy Engraulis
anchoita was observed during periods of reduced
typical prey concentrations (Mianzan et al. 2001).

The collections analyzed in this study mostly
occurred during the summer months (87.9 % of total
diet collections were from May to September), as this
is the primary period when demersal fishes are sur-
veyed in the study region. However, as shown by
Mianzan et al. (1996) and Diaz Briz et al. (2018), inci-
dence of predation on gelatinous zooplankton can
be higher for some taxa during other seasons, when
alternative crustacean or fish prey may not be as
readily available. Due to lower metabolic rates dur-
ing these cooler seasons, predators may be able to
subsist on prey types with lower energy content
(Doyle et al. 2007) relative to the summer period. The
dominance of summer sampling may have led to an
underestimate of the consumption of the larger
cnidarians which, by the middle of the summer when
most of our survey trawl collections were made, were
likely too large to be consumed by most predators
examined. In contrast, urochordate feeding peaked
in late spring and early summer which may relate to
their increased availability during this period, as
salps, in particular, form extensive blooms as temper-
ature and zooplankton production increase in higher
latitudes during late spring (Henschke et al. 2016, Li
et al. 2016).

Most teleosts in northern latitudes lack dentition to
tear off parts of larger gelatinous taxa, as some pred-
ators in other ecosystems do (e.g. Milisenda et al.
2014), and can only consume whole prey. An excep-

tion may be the prowfish, which showed the highest
occurrence of gelativory in our sampling, and has
likely evolved anatomical adaptions to feeding mainly
on scyphozoans (Smith et al. 2014). Additional sam-
pling during the spring and early summer months
may reveal the consumption of smaller specimens of
the medusae including the ephyra and early juvenile
stages. Similarly, many demersal-feeding and scav-
enger fishes may feed on allochthonous inputs of
gelatinous plankton during the late fall and winter
following seasonal mass mortality events and jelly-
fish falls, as observed in other temperate ecosystems
(Sweetman et al. 2014, Smith et al. 2016).

Most of our diet data came from stomachs pre-
served at sea and later analyzed in the laboratory
some time after the collections. However, our limited
comparison between freshly caught field and labora-
tory analysis showed that many of these easily
digested prey, and especially jellyfish, may be over-
looked following extended periods of preservation,
due to dissolution of gelatinous tissues during the
preservation process. For example, 83.3% of the
SCANS analyses showed occurrences of jellyfish,
whereas only 33.3 % of lab analyses showed any jel-
lyfish material. Even fish stomachs that are excised
shortly after capture may undergo continued enzymic
digestion until the preservative fully penetrates the
stomach wall and other prey in the stomach. The
rapid digestion and gastric evacuation of gelatinous
prey compared to more resistant crustacean and fish
prey leads to a negative bias against the importance
of gelatinous zooplankton in fish diets (Arai et al.
2003, Hays et al. 2018). Coelenterate predators, such
as sablefish, prowfish, and grenadier, caught in trawl
nets frequently regurgitate when full of gelatinous
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prey (R. E. Hibpshman pers. obs.). Regurgitation rate
in fish increases with sampling depth (Bowman 1986)
and these jellyfish feeders are encountered mostly at
deeper sampling stations. These factors may lead to
high levels of regurgitation of gelatinous prey in
deep water fishes. Fish that show signs of regurgi-
tation are discarded and the stomachs are not col-
lected or analyzed, which may contribute to gelati-
nous prey being underrepresented in the diet data.
We suggest that many existing estimates of preda-
tion on quickly digested gelatinous forms may be
underestimates of the true predation rate, and these
rates may need to be adjusted in ecosystem modeling
and food consumption studies. Biochemical (stable
isotope or fatty acid analysis) or genetic probes may
be used to alleviate some of the underreporting of
gelatinous tissue in fish predator stomachs (e.g. van
der Bank et al. 2011, Cardona et al. 2012, D'Ambra et
al. 2015, Lamb et al. 2017, Marques et al. 2019); how-
ever, these methods generate binary data and cannot
be used to determine magnitude (e.g. percent by
number or weight: %N, %W). These methods also
may not be able to distinguish gelatinous organisms
that were secondarily consumed by the main prey,
although this potential bias is unlikely for many
endotherms (Thiebot & Mclnnes 2020).

Although our analysis of >450000 non-empty
stomachs greatly exceeded similar multispecies stud-
ies done previously (e.g. Diaz Briz et al. 2017 analyzed
35200 non-empty stomachs), some predators we in-
cluded had relatively low sample sizes within a
region or year that we suggest may not be as reliable
as some of the more numerically abundant species
we examined. Optimal sample size for stomach an-
alyses are generally determined as the level at which
prey accumulation curves asymptote (Ferry & Cail-
liet 1996), although such techniques are used for a
diversity of prey items, and are not applicable for a
single prey item or a small subset of prey types. In a
comprehensive analysis of the diets of groundfish
species (snoek Thyrsites atun) in the southern
Benguela ecosystem off South Africa, McQueen &
Griffiths (2004) used cumulative prey curves which
showed that on average 55 stomachs containing food
are required to accurately quantify presence and
absence data of a particular prey species. Using this
more stringent sample size requirement would have
decreased our overall sample size by only 1821 stom-
achs. However, in doing so, we would have elimi-
nated many potentially important gelativores such as
prowfish, searcher, and several rockfish species in
some regions (Tables S1-S5) that may not be as
abundant or accessible to bottom trawling as some of

the other species included with more robust sample
sizes. Although including these additional predators
in our summary tables provided for a more complete
understanding of the utilization of gelatinous prey by
fishes, we adopted the criterion of 55 or more sam-
ples within a level for all our seasonal and interan-
nual comparisons, which limited our analyses to only
3 taxa satisfying this sample size constraint.

Despite our sampling limitations, this study docu-
mented extensive utilization of gelatinous zooplank-
ton by a large number of demersal fishes, including
several species with no previous accounts of gela-
tivory. We also showed that many important ground-
fish species showed little or no utilization of gelati-
nous prey in all regions examined. Many of these are
microcarnivorous or benthophagous species that are
not likely to encounter gelatinous zooplankton dur-
ing the summer months. We caution that although
we did not find evidence for feeding on gelatinous
zooplankton in these abundant fish species, we can-
not say unequivocally that these species do not con-
sume gelatinous taxa, as many of their stomachs
were only analyzed in the laboratory. We advocate
for additional comparisons between field analyses
such as our SCANS method and laboratory analyses
post-preservation to verify that these species are not
likely gelatinous consumers. If we are confident that
a method will detect a gelatinous feeding event, then
we can also have increased confidence that absence
of detecting it indicates that it did not occur at that
time and place, which may improve our conceptualiza-
tion of the spatial/temporal feeding patterns. These
stomach sampling improvements might allow better
understanding of the spatial/temporal population
dynamics of some of the more common gelatinous
prey, which could be important as climate changes
and the balance of interspecies dynamics changes.
As seen in other ecosystems (Smith et al. 2016, Erik-
sen et al. 2018, 2020), fish stomach sampling can be
utilized as an indicator of increasing gelatinous zoo-
plankton abundance associated with changing ocean
conditions.

Identification of trophic guilds that utilize primarily
gelatinous zooplankton may be useful for ecosystem-
based management of LMEs (e.g. Bizzarro et al. 2017).
Such results have important implications for energy
flow in these systems, and profound effects on food
web models presently in use (Pauly et al. 2009, Lamb
et al. 2019, Ruzicka et al. 2020). Due to their high
growth rates and ability to bloom suddenly and ex-
tensively in many systems, the food provisioning role
of gelatinous zooplankton in many marine ecosys-
tems should be reappraised (Hamilton 2016, Henschke
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et al. 2016, Hays et al. 2018). There may, as well, be
some potential non-energetic benefits (e.g. acquisition
of essential compounds or amino acids) of consuming
gelatinous taxa to the predator (Thiebot & Mclnnes
2020). Although we found few species in the North-
east Pacific that specialize on gelatinous taxa, the
large number of species facultatively feeding on these
prey indicate that they likely play an important, un-
appreciated role in the food web, as shown in other
areas (Mianzan et al. 1996, Arkhipkin & Laptikhovsky
2013, Smith et al. 2016, Diaz Briz et al. 2017), and
therefore should no longer be considered 'trophic dead
ends'. Moreover, despite the relative low overall per-
centages of gelatinous taxa in the diets of some of the
more abundant predators (i.e. walleye pollock, sable-
fish, Atka mackerel, some flatfishes), the relatively
high biomasses of these species in the Northeast
Pacific have the potential to impact jellyfish standing
stocks in years when high predation rates occur.
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