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Running titlezSynchrony irejlyfish bloomsand fishes
ABSTRACT

Increases in gelatinoa®oplankton (GZpopulations, their dominance sbme
ecosystemgheir impacts to other taxandtheir questionable trophic valuemainglobal
concerns, but they are difficult to quantify. eWomparedrends in GZ abundanéem direct
samplingforthe northeast U.S. continental shelf and tested their associatio@xvith
consumption‘by spiny dogfisl¥qual us acanthias); the abundance of two bentlsicavengers
Atlantic hagfish Myxine glutinosa) and grenadiers (Family: Macrouridae); and four
environmentaindices Atlantic Multidecadal Gcillation,North AtlanticOscillation, and sea
surface and bottom temperatur@efined as scyphozoans, siphonophores, ctenophores, and
salps the abundance of GZ on the shelf basillatedwith blooms approximately every 10 to 15
years Conservative estimates afraual removal of GZ by spiny dogfish randeaim
approximately<0.3 g individudlto 298 g individual® with spiny dogfish being the primary GZ
feeder sampled on the shelfhe examinatiorof threeabundance series for GZ identified one
sheltwide trend and strongelationships with Zear lagged consumpti@andscavenger
abundance (namely hagfislpd sea surface temperatusith multimodel inference hiese
covariates led.tan optimal model of GZ abundance. Blooms of GZ abundance on this shelf
were influenced bgnvironmental change, provide surges of food for spiny dogfishmagd
offer “food falls” for scavening fishes. The bioenergetic tradeoffs of consuming greater
amounts of GZ compared to othmajorprey (e.g. fishes) remain unknown; howeveese
surges of food in theanthwest Atlanticappear to bemportant forfishes including supportor

benthic scavenggroductivity.
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INTRODUCTION
Resilience of marine ecosystems amid overfishing and climate change is a global concern
(e.g.Nyeetal:;72013 Litzow et al., 2014; Blenckneet al., 2015). Particularly, egime shifts
canlead tocemmunitiesdominated by species with reduced or minie@dnomic value and
lower functional diversity (e.d=ranket al., 2005 Moéllmann et al., 2009 Howarthet al., 2014.
One group of taxa with this reputation is gelatinous zooplar(k@) or “jellyfish.” The
presence of these taxa has reces@ueattention with regard to anthropogenic pressciimate
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89 change (Richardsost al., 2009;Utne-Palmet al., 201Q Purcel] 2012),and fisheries

90 interactions (Mdller, 1984; Purcell and Arai, 2001; Conley and Sutherland, 20¥®nitoring

91  GZ abundance andgdicting boomsis especially importards theimegativeeffects ardelt

92 throughout ecosystesnincluding the disruption dfumanactivitiesreliart on marine

93  environments,(Schrope, 201@rahamet al., 2014;Qiu, 2014). One topic thdwasreceived

94 limited attentionn direct response to GZ abundance and more specifically bloom peritsls

95 feeding'behaviorNilisendaet al., 2014). To our knowledge no studies have addressed this

96 topic considering long time series (decades) of GZ abundfistteliets benthic scavenger

97 abundancgandenvironmental indices on a shelfde scale

98 Bloemsof marine and freshwatenganisns come in many formsuch aginoflagellates,

99 diatoms, cyanoebacteria, seaweed, and ¢asidered hereayith varying ecologicahnd
100 economiaconsequences (s8arkholderet al., 1992;Paerl and Huismar2008 Smetacek and
101  Zingone, 2013). A recurrence of GZ blooms arateass intheirabundance fothe world’'s
102  oceanshave been documented (Richardsbal., 2009; Brotzet al., 2012) However ther
103  globaldominance of ecosystemsuscertain (Condost al., 2012), andher pulses are believed
104 to be fundamental to marine ecology (Boetral., 2008). Althoughecosystem responses to GZ
105 invasions«(e.g. Black Sea; Kideys, 2002) and GZiagdl fish interactions (e.g. Purcell and
106  Arai, 2001)*have receivesbmeattention understanding how marim®@mmunities namely adult
107  fishes respond t@ulses ofGZ over long time periods for continental shelves remains unknown.
108 At amuchsmaller spatiascale(l nt plots),increases in GZ abundance have been shown to
109  modify thedoehavior of parrotfishes (Family Scaridae) by limiting theiriggazequency in
110  addition toreducingeagrass abundanaed habitat complexity under an experimental design
111  (Stoneret al., 2014). Similarly, in the Strait of Messinbetween Italy and Sicilthe seasonal
112  diet of the Mediterranean bogugopps boops) on the mauve stinger jellyfisiP@agia
113 noctiluca) was.examined and relatedth® energy rewardgyained from actively preying on
114  gonadic tissue{Milisendeat al., 2014). Thuswith theuncertainty of global GZ dynamics and
115  their utility.infecosystemgRichardsoret al., 2009;Utne-Palmet al., 2010; Condomt al., 2012),
116  the relationship betwedBZ blooms and the fish community has received minimal if any
117  attention at the large spatiemporal scale of a continental shelf (hundreds of thousands of

118  square kilometers) and multiple decades of sampling.
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119 The northeast US continental shelf fish community has had a long history of

120 anthropogenic influence, including overfishing (Sherrmeaad., 1996; Fogarty and Murawski,
121 1998), anceffectsof climate changeNye et al., 2009. The status of GZ for this shelf has been
122 explored in several capiies from fiskesas samplers of GZ (Link and Ford, 2006; Ford and
123 Link, 2014).te.full ecosystem models incorporating GZ as a major taxa group given their notable
124  presencéLink et al., 2010). However, these works highlight btk challenges cfampling

125 and modeling'GZand emphasizis inclusion in models for bir ecosystenunderstanding

126  particularly' with documenteithicreasesn GZ abundance for this shelf. ifWtheuncertairy

127  surrounding futur&Z abundance and the negato@sequencagported for manghelf

128  ecosystemsRiehardsoret al., 2009; Condoret al., 2013 Brodeuret al., In review), an analysis
129  of fish community responses to GZ bloommsvarrantechere

130 The episodic events of benthic scavenging byestmd other faunan response tojelly
131 falls” following bloomshas beemecently documented (e.§weetman and Chapmaz011;

132  Sweetmaretal., 2014). These events proeitbcalizedsurges of energy antransporicarbon to
133  benthic systems (Lebragbal., 2013a Lebratoet al., 2013b)with rates of removadkin toother
134  carrionfalls(ewg. fishesSweetmaret al., 2014). Scavenging is an important &ggtem process
135  wherebyenergy can be recycled in the food web by upper trophic levels — a fundamental
136  responsedo’sudden, dramatic increases in faunal abundance such as viitmfazne ecology,
137  the more notable types of carritalls arefrom whalesand large fishefHaag 2005 Higgset

138  al., 2014) “Theseevents provide major food sourdes deepseafaung particularly for

139  scavengingfishes. Two fish taxa of the north Atlantic that arekmellvn benthic scavengers
140 include Atlantic hagfishMlyxine glutinosa; Martini, 1998) and grenaglis (Family: Macrouridae;
141 Armstronget al., 1992). Considering these taxatlantic hagfish are knowto scavenge GZ

142  experimentally (Sweetmaat al., 2014), and grenadiers have been observed in assoaiation
143  largecarrion falls (Higgst al., 2014).

144 Here we identify common trends @2 abundance for thremntinental shelfegions of
145  the northeast™U.S., and document important relationships among habundance, and the
146  environment We hypothesize that increase$sA abundance are coupled with environmental
147  oscillations, provide increased prey resources for a known GZ predator: spiny dogfisffeat
148 the abundance of benthic scavengers via “food falls.”

149
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METHODS
Gelatinous Zooplankton Abundance

Defined as scyphozoans, siphonophores, ctenophores, and salps, GZ abuadance w
sampledon.dedicated plankton monitoringpttom traw) anddredge surveys of the National
Marine Fisheries Service (NMFS), Northeast Fisheries Science Center (NEESGVitz,
1981 Kang 2007 NEFSGC 2014). Beginning in 1973]l samples were collected seasonally
approximately 6 times per yeaith a 6:cm bongo frame fitted with a 333 um mesh net towed
obliquely to 5 m above the bottom to a maximum depth of 208 the Mid-Atlantic Bight,
Georges Bankand Gulf of Maine regions of the northeast U.S. continental shelf (> 290,300 km
Fig. 1). Distributed uniformlyvithin each region, 30 to &ampling stations were selected
randomly eithernapproximately 8 to 35 km apart or by depth strata (Fig. hechanical
flowmeter at the center of the bongo frame measured the volume of water towed. At times,
stationswith_ more than approximately 2 liters GZ were encountered. In these cases, the
sample wasyearefully rinsed with salt water over a 4 mm siélie volume of5Z in excess of
what is needed to fill two,-liter sample jars was recorded in the tow log and the exzZ&s&s
discardedw.Specimens were preserveddt formalin. GZ were identified and enumerated
along with-all other zooplankton in the samples to the lowest possible taxa at the Polish Plankton
Sorting and Identification Center in Szczecin, Poland with concentrationssseprin 100 fn

Mean annual amounts of Gdr this study spanned 1977 through 2009.

Fish Consumption

A.long-term, sheHwide fish diet sampling program for the northeast U.S. continental
shelf ecosysterdirectly monitors changes in fish feeding and indirectly idesgichanges in
ecosystem proeess@snk and Almeida, 2000; Smith and Link, 2010). The standadNMFS
NEFSC bottom trawl survey program has been condsetasionallysince 1968 Azarovitz,
1981; NEFC; 1988Reidet al., 1999. Beginning in 1973 and througb 2013 fish dietdata
werecollected from a variety of speciasross the shelf from Nova Scotia to Cape Hatteras,
North Carolina (Fig. 1)Theseseasonamulti-species surveys are designed to monitor trends in
abundance and distribution and to provide samples to study the ecology of the large number of

fish and invertebrate species inhabiting the regibiney primarily have occurred in the spring
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(March through Mayand fall(September through Novembaqross the entire time seribsit
winter (February; 1992 through 2007), and summer (July through August; 1977 through 1981,
and 1991 through 1995) data are available.

Although thediet samplingorogram started in 1973, we focused our study on spiny
dogfish stomachBom 1977through 2013number = 70,401for the entirerange of the
northeast U.S.shelf surveys (i.e., frblova Scotia to Cape Hatteraspith Caroling, and
accountiforapproximately 90 % of all GZ prey occurrences observed in the NERSI&fis
dataset See'Link and Almeida (2000) and Smith and Link (2010) for full details on the food
habits sampling and data. Here suanmarize these details witspect to spiny dogfisirom
1977 throughs2013, spiny dogfish stomachs and ywerg examined at sea immediately after the
catch was'sorted on deckhis alleviates ancerns over the degradation of &y due to
formalin or ethanol preservatiqRurcell 1988) or rapid digestion (Araf al., 2003). Total
stomach volume (0.1 chminimum resolution), prey composition (%), numbers, and lengths
were colleaédat sea Additionally, a conversion from volumetric measurement of prey’om
mass (g) was*usdd obtain biomass estimates of food consumed (Link and Almeida, 2000).
The size of'dogfish sampled ranged from juveniles (~2B®tam) to large, maturéemales
(~110 cm)yubut werenostlythe medium size classes6bcm).

Gzwere readily identifiablen the stomachs of spiny dogfiahsea upon macroscopic
inspection (Fig 2). They were predominantly ctenophores, but also included scyphozoans,
siphonophores, and salpshéir firm-gelatin constitution, transparent bodies with visible internal
organs small‘and clear balbr bell-like shapeanduniquely colored pinkisigray masseand
obviousctenestructuregor ctenophores (relative to any other spiny dogfish ppeyitted
coarse taxonomic level identificatiofieven after partial digestio@®Z in spiny dogfish stomachs
were identifiable, particularly the ctenéCtenophora. It appears that spiny dogfish do not
masticatanost. GZ rather tley are ingested as whole prey items. When compared with direct
methods of samplinGZ in the marine environment (e.g., nets), our stomach sampling methods
largely elimimated concerns over specimens breaking apart and becoming unideatifiibte
indistinguishableat these coarse taxonomic levels (Badegl., 1994; Hamneet al., 1975;
Weissest al., 2002).

GZ consumptiorwas estimatewith theevacuation rate methods Bfjgers (1977) and
Elliot and Persson (1978). To include the winter and summer data when available fiyeahal
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seasons were created which aggregated winter and spring digtspatag’ ; mean mmber per
year = 1,262 an8E = 12§, andsummer and fall“fall”; meannumberper year =641 andSE =
68); sampling foreachhalf-year season spannttk entireshelf Daily per capita consumption

(g) of spiny dogfish per haljear seasowas modeled as
Cspring/fall =24 -E-S¥ [1]

where 24 is the number of hours in a day, &ilglthe mean total amount of prey eaten per

season Mean total amount of prey equakb@ sum othe mean individual prey amounts

weighted by the number of spiny dogfish collected per 1 cm length bin, and weighted by the total
number of spiny dogfish caught per station (similar to Link and Almeida 2000; Latour et al.

2008. The derived parametemnwasset to 1 (Gerking, 1994k is the hourlyevaaation rate

modeled as
E = aefT [2]

wherea andBswere set to 0.002 and 0.115 respectively, and T is the bottom temperature
associated with the presence of spiny dogfish collected during the NEFSC bottbsutrey.
The a and B values chosen were conservative estimateased onimmaturespiny dogfish in the
Pacific (Hannan 2009) amtemersal fishe of the northeast U.S. shelf (Durbéhal., 1983). The
sensitivities of these parameters wexplered by NEFSC (2007).

Annualper capita consumptiosf GZ wasgenerated by scalimgyingtai from a daily
estimate t@achhalf-yearseason bynultiplying by 182.5days in a halfrear) multiplying by
the seasonal proportion of GZ in spiny dogfish dedngsai), and summing the hajfear

seasons

Cannual = (CSpring ! DSpring ’ 182-5) + (CFall *Dpay - 182.5) [3]

The time series of annual per capita consumption of GZ spanned 1977 through 2013.

This article is protected by copyright. All rights reserved



241 To quantify the dominance of GZ prey in spiny dogfish over time, the ratieevéige

242  GZ prey mass to all other prey by season was estimat&é®d7@rthrough 2013Years with

243  values greater than one indicate GZ prey dominance.

244

245  Benthic Scavenger Abundance

246 Depthstratified mean numbers per tow of Atlantic hagfistyxine glutinosa) and

247  grenadiers(Family: Macrouridae) were estimdigaveighting the number of fish per tow by the
248  area (km) 'ofthe stratum wherihey werecollected during the NEFSC fall bottom trawl survey
249  (NEFC, 1988). The two time series of benthic scavenger abundance spanned 1977 through
250 2013. A netabl@nd consistenitcrease in grenadier abundance occurred 2@88 which was

251 due to a vessel and gear change in 2009; thus, a simple conversion based on the time series
252 averag€1977 ta2008: 0.025renadiers per tow; 2009 to 2013: 0.346 grenadiers per tow)

253  multiplied the post-2008 data by 0.07 to account for this chahgée northwest Atlantic, these
254  taxa are distributed across the northeast U.S. continental shelf (Fig. 2), pgeffeerdeep basin
255  environmentswaf the Gulf of Maine and along the continental shelf slope.

256

257  Environmental indices

258 Annual variabilty in water temperature was measured with two indices: mean sea surface
259  (SST)and bottomBT) temperaturecollected during the NEFSC fall bottom trawl surveys

260 (Azarovitz,,1981; NEFC, 1988)-oreachsurvey trawlprior to 1990, temperatures were taken
261  with waterbotties an8ST washecked with bucket samples. Beginning in 18DandSST

262  were measured with conductivity, temperature, and depth profilers (CTDs)h-8sitfied

263 mean temperatures were generdigaveighting the data by the area of the stratunf)(kvhere

264  collected. Thetwo time series o6STandBT used here extended from 1977 to 2013.

265 Two.time series of climatological oscillations for the northwest Atlantic include the
266  Atlantic Multidecadal Oscillation (AMO) and the North Atlantic Oscillation (NAO). The AMO
267 index is believed to be driven by thermohaline circulation and based on iiheddet Kaplan sea
268  surface temperature dataset (5° latitude by 5° longitude fgoiah) O to 70° N.Its positive

269  periods are associated with warmer land and ocean temperatures, decreased rainfall, and
270 increased droughts (Enfieétlal., 2001). Monthly AMO data were downloaded as standardized
271  time seris (mean = 0 and SD = 1) froNDAA, Earth System Research Laboratory

This article is protected by copyright. All rights reserved



272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298

299

300

(http://www.esrl.noaa.gov/psd/data/timeseries/AMO/index.htihe annual average AMO
time seriedor this study was fromd977 to 2013.

The NAO index iestimated as the difference in deael atmospheric pressure between
the Azores (high) and Iceland (low). We used the mean wiDergmber to March) index as
most of the.variability in th&lAO occurs during this time andfully incorporates the range of
this higher.varianceThe NAO is the only distinct teleconnection pattern present throughout the
year in the"northern hemisphere (Huretlél., 2003). For the northeast U.S. continental shelf, a
positive indexhas been attributed to cooler air and sea surface temperatures, and with its
connectivity to water circulatiomlecreases in intense storm activity as weather patterns shift
northeastwarditoward Newfoundland and northern Europe. Monthly NAO data frormbeyce
through March‘were downloaded as standardized timesqenean = 0 and SD = 1) from
NOAA, National Weather Service li@ate Prediction Center
(http://www.cpc.ncep.noaa.gov/products/precip/CWIlink/pna/nao.shirhle annualwinter
average NAO time smswasfrom 1977 to 2013 for this study.

Analysis

Dynamic factor analysis (DFAyas used tatatistically identify common trends &Z
abundaneéor this northwest Atlantishelfand determine if the explanatory variables: spiny
dogfish consumption d&Z, the abundance dftlantic hagfish and grenadiers, and the four
environmentaindices are related to GZ abundan&milar to other dimension reduction
techniquesssueh as principle comporesmdlysis and factor analysis, DiFdodelsN observed
time seriesniterms ofM common trendsvhile choosingM as small as possibleithout losing
too much information (Zuuet al., 2003a; Zuuet al., 2003b). All time series were standardized
(mean = 0; SD = 1) tmlentify the number of common trendad relate the explanatory variables
to GZ abundance. Modeling was accomplished with the MARESivariate Autoregressive

StateSpace) package in Rdrsion 3.0.2; R Core Team, 201®jving the structure:
Vit = Zijxje + n; where n;; ~ MVN(O, R)

xjt = xjt—l + ejt where ejt ~ MVN(OI Q) [4]

XJOZO
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whereyi; (GZ abundance value for tina regionat timet) is modeled as a linear combination of
j common trendsx(;) and factor loadingsZ(;) plusrespective noisen( ande;;). The covariance
matrix R was one of three structures types: diagonal and equal, diagonal and unequal, or
unconstrainedand covariance matriQ was set equal to the identity matri&ll parameters
includingtheparameters of thB covariance matriceseregenerated with maximum likelihood
estimation(Zuuret al., 2003a). Model selection criteria were basedAkaike’s information
criterion'corrected for sample size (AlG)dtested the three differeRticovarance matrix
structuresthe'number of common trends associated with GZ abundance, and with the addition of
explanatory variables, the importance of these covariates relative to GZ abunifiimee.
addition ofsexplanatory variables with a time lag of zero did not reveal an dssowdh GZ
abundanceyj'the data were lagged by 1, 2, and 3 years independently for each variable and
retested Modellaveraging was accomplished by weighting tedipteddata by the probability
that each model is best (i.e. Akaike weigkngderson, 2008).

RESULTS
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Similar time series trends in GZ abundance were observed for the three major regions of
the northeast U.S. continental shelf (Fig. 3a). Each region was defined by high GZ abundance
around 1980a low in the miell980s to early 1990s, followed bBymaximumfrom the late 1990s
to early 2000shen meandering around the time series nleareafter Episodic GZ blooms
with 10 to15year peilodswereobserved. Dynamic factor analysis identified one common trend
amongsheltwide GZ abundance and an unconstrained error covariance matrix best fit the
multivariate"data with the lowest AlGbase model prior to adding explanatory varigiiésdel
1; Table 27 This suggestthatthere was covariance among regions (time series) along with
concurrent trends in GZ abundance.

The time series of GEZonsumption by spiny dogfish displayed 3 major feeding episodes
from 1977 throtigh 2013 (Fig. RbTheyears1984, 1988, and 2003 had 236 to 298 g individual
of consumed GZ, whictvasapproximately 4 t& times greater than the time series mean of 61 g
individual._Interestinglythese feeding episodes corresponded to the @di®Z, and for the
fall or spring the ratio of GZ prey to other prey was greater than one, indicating GZ was also the
dominant dietseomponent by mastative b all other prey observed (Fig).. 4

Trendssin benthic scavenger abundaeeAtlantic hagfish andrenadiersyvere
variable for,much of the time sed from 1977 through 201Bowever, patternsoincidingwith
the timing-of GZ blooms were presdrig. 3c). For Atlantic hagfishthe data indicated an
increase in abundance around 1980 at 0.15 numb@&r tow low from the eari1980s to early-
1990s of 0.01 number tétyfollowed by distinct increases > 0.28 number taw 2003, 2007,
and 2010 gompared to the time series mean (0.12 numbéy. t&wer grenadiers, abundanees
high (> 0.048:number towy in 1984, 1986, 1989, and 199hen stayed lovirom 1994 to 1999
with an average of 0.01 number tblefore reachinthe time series peak 2003 (0.08 number
tow). Following 2003, grenadier abundameenairedaround the time series meah0.02
number tow.

Thestandardized indices &#MO, SST, andBT had similar trends withegativevalues
early in thetime seriemveraged from 1977 through 199¥MO: -0.13; SST=0.3Q BT: -0.36
and positivevalues averagefdlom 1995 through 2013 (AMO: 0.17; SST: 0.50; BT: 0, 21beit
the trend in bottom temperature was less dramatichigher interannual variabilitgFig. 3d).

Conversely, the standardized winter NAO index had a positieeagevalueearly in the time
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361  series from 1977 through 1996 (0.01) andegative average valfrem 1997 through 2013 (-

362 0.21; Fig. 3d).

363 Addition of the explanatory variables (spiny dogfish consumption, Atlantic hagfish and
364 grenadier abundance, and the feavironmental indices) to the base dynamic factor model with
365 one commonstrend and an unconstrained error covariance stroiciuided a variable series of
366  improved or degraded model fits (Table 1). For modeling GZ abundance, the lowest AlICc was
367 achieved wih'the addition of 2-year lagged spiny dogfish consumptigrea2-lagged Atlantic

368  hagfish abunance 2-year lagged grenadier abundarared SST (Model9). Although the

369  addition of 2-year lagged grenadier abundance did not substantially decreases Atidopared

370  to Model 17 itssaddition(Model 12) demonstratesh association with GZ abundance; thus,

371  Models 19'and"17 werghosen as optimalM/e interprettiese result® demonstrate a shelf

372  wideresponsdo,GZ blooms by multiple fishes atite warmingof SST. Interestingly, a 3rear

373 lag in spiny dogfish consumption of GZ was notable relative to the timing of GZ blmoss

374  the shelf. "A similar result was also observed with hagfish and grenadier abund@arsce

375  suggests a=gear delay in predatomgsponseand productivity whether feeding directly in the

376  water columnx(spiny dogfish) mear the seafloor vidood falls” (Atlantic hagfish and

377  grenadiers).

378 Thepredicted data from the optimal mod@iéodels 17and 19; Table 1) were averaged
379  andfit to each of the annual GZ abundance for the three regions of the shelf)(Ftgrihe

380  Gulf the of\.Maine, Georges Bank, and MMlantic Bight, this modelwascharacterized bfour

381 events beginning around 1980 with an increase in GZ abundance followadovibyhrough

382  most of thex1980s until the early to mid-1990s when a second and more persistent high

383 abundance of GZ was apparent. This second bloom period occurred through the early 2000s and
384 was in greater abundance compared to the 1980 bloom. For the remainder of the 2000s, modeled
385 GZ abundance.fellst belowthetime series meademarcating a second low, awdsconsistent
386 for the three regions.

387

388

389

390

391
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DI SCUSSION

We demonstrate distintdmporaloscillations in GZ abundance for the northeast U.S.
continentalsheland tie these patterns to the fish community via feeding antibscavenger
abundanceincreases (blooms) and decreases (declines) in GZ abundance occurredtover 10
15 year periodsiand were positively relatetheowarming ofSST. Regionalpatterns in GZ
abundance were similacross the shelf, indicating synchrony in bloom tintimag link lower
and upper-trophic levels, and suggest couplings between GZ and benthic environments.
Synchronysamong lower and uppgesphic leveldue to climate (Beaugrand and Reid, 2003
Alheit and"Niquen2004) and fishing (Frarndt al., 2005) has been showepeatedly dr
continentakshelvesWe selected5Z because aits suspecteaninimal ecosystennmportance,
and any detectable patterns would further confirm the case for becasedrophiclevel
synchrony.Here GZ waghe dominant prey of spiny dogfish aagotentialdirect or indirect
carbon sourcéor benthic scavengers following periods of high abundance. Thieveals
possible energeticbphic valuefor these taxand their synchrony with the fish community.
Confirmingreur hypotheses, with a lag of two yeailfofving bloom periods, consumption of
GZ by spiny dogfish was approximately one-half order of magnigudater than the average GZ
consumption for the decades sampl&imilarlylagged by two years, Atlantic hagfish and
grenadier abundancesere approximately two times greater thheir respectivéime series
averags following GZ blooms, but this was most evident with the second blzten1(990%

Documenting synchrony among abiotic and biotic factors, and developing indicators of
environmental.change acetical for predictingregime shiftsvithin ecosystemgSchefferet al.,
2002, Mollmann et al., 2009;Carpentegt al., 2017). Considerindish dietvariability and
changes in prey availability (GZ abundance observed here), the topics of prey prefliegnce
switching feeding strategiesnd functional feeding responsas well studiedor various
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423  environments (e.d-echowicz 1982; Moustahfict al., 2010;Burenet al., 2012. Particularly

424  for temperate continental shelves with relatively low biodiversity, generalist feeding strategies
425 are globally commoamong fishes (Haydest al., Inreview). For the northeast U.S. shelf,

426  opportunistic generalist feeding is conventional for many fishes, regardless of wopdi

427  (Garrison and,Link, 2000; Smith and Link, 2010), and prey switching in response to external
428 drivers has,been observed (e.g. fishing pressure; Link and Garrison, 2002¢t&ith013).

429  Ourwork extends these efforts, documenting a feeding response of spiny dogfish antirsugges
430 increases‘in‘Atlantic hagfish and grenadier abundance throughout thia sbkdfionto GZ-

431 bloom periods. | Although tracking abrupt changes in abundance of marine taxaddfénuie

432 such as with GZ, we suggest fish digdse Fahrigt al., 1993, Link and Ford, 2006, Smi¢ghal.,

433  2014) andabundanceeauseful indicators capable mionitoringecologicalpulse eventas

434  potential precursors to regime changes.

435 The relationship of GZ and bentlicavengeabundance (namely hagfish) suggests these
436  taxamaybe useful indicators of GZ oscillations or at least be indicative of the deigoeatho-

437  pelagic coupling on this shel(af, 1999. Interestinglybentho-pelagic coupling can have a

438  variable influence on benthic communities (slelf versus oceanic ared&liela, 1984 Miller,

439  2004); however, the response of the benthos can provide insight on the dynamics of the pelagic
440  environment as shown here and by oth8mithet al., 200§. Considering communitjevel

441  responses to surges of prey, a link between benthic scavenger productivity and GZ bloom
442  suggests a connectitvetween pelagic and benthic communities and energy transfer between
443  photic andsaphetiwater layerof the northwest Atlantisimilar toothersystemgGili et al.,

444  2006; Lebraterand Jones, 2009; Lebeital., 20133.

445 What isthe mechanism behind the 2-year lag in spiny dogfish feeding and benthic

446  scavenger abundance relative to GZ abundadseXual and sexual reproduction, coupled with
447  fast growth ratesAlldredge, 1983)allow GZ to rapidly increase their populatiomken

448  environmental conditions are favorable; however, these conditions are gerfeseHived.

449  Yet, longerterm relationshipbetween GZ and the environment have been documented (this
450  study; Brodeukt al., 2008; Richardsost al., 2009;Purcell 2012) Fa this shelf, bloomyears

451  of high GZ abundance persisted for approximately 5 years. The dietary presence of high GZ
452  abundance lasted fortd 2 years. Not surprisingly, the sampliefficienciesof these two

453  samplersrietversusdiet) weredifferentas shown with other studiesaking similar
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comparisonsvith fish diets(e.g. Smithet al., 2013). With thepatchiness of GZ distributions,
their breaking apart due to samplinggmneret al., 1975), and use of formalin for sample
preservation (Purcelll988), net sampling of Gi& challenging Yet netscollect a wide size
rangeof organismsompared t@piny dogfish. This predatarill naturally select larger GZ that
would also_be.sampled by direct meardgestion mayalsorendersmaller GZ or pieesof GZ
unidentifiable. Therefore with these considerationsne hypothesis is that tli&Z selectivities

of the plankton'net and spiny dogfisfere not equalproducing a lag in fishesponses

Secondly, spiny dogfish may also be feeding on aged or@2atkar the seaflooiGZ
mortality (non-predatory) varies by taxa, beéin beon the order of 2+ years féwrelia labiata
(Albert, 2005)y+1+ years for ctenophorést{ et al. 2013), angossibly immortal fosome basal
metazoan group$€traliaet al., 2014. In this study, kspiny dogfish were collected with a
bottom trawl; thus, with their fast rate of digestion (Aetaal., 2003) and quickransport to the
deep sea (hundreds to over one thousand metefqldatyratoet al., 20134), bottom feeding
may beoccurringhere As abundance of GZ increasediowing a bloom, spiny dogfish prefer
GZ approximately 2 years following peak GZ abundaneis preference may be the result of
GZ aggregating near the seafl@s shown with Ctenophora (inshore Argentina; Costello and
Mianzan,2003. Within theyearsfollowing feeding, GZ abundanecemains lowsuggesting this
fish as well/as othesredatorsmay contribute toa top-dowrcontrolin resposeto these pulses
(Carpenteret al., 1985 Power 1992; Halperret al., 2006), albeitthis isnot likely the sole factor
at play (e.g. oscillating favorab{&Z conditions [Richardsoet al., 2009]). In one instance, a
large increasenin GZ consumption was observed during a low period of aburdagears
post-bloomie«1988). We categorize this pesitiveprey preference following a bloom period
(Lechowicz 1982), but we cannot totally rule out tigtitationsreiterating the caveats of both
sampling techniques previously mentioned.

Considering the 2-year lag with benthic scavenger abundancxdlogjicalprocesses
and hypotheses described for predation by spiny dogfish apply here as well, although tohnsport
GZ to the benthoplus theintegration of GZ energfdirectly or indirectly)for population growth
are definite'factorsRates of jellytransporin this studywereunknown, but suspected to be
relatively faston the order of hundreds dwer onethousand meters dayLebratoet al.,

20133. Thus, in combination witsZ longevity (12+ yearsAlbert, 2005 Pittet al., 2013;
Petrailiaet al., 2014), the availability of GZ carrion for benthic scavengers and the subsequent
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increase in scavenger abundance per tow is not observed until 2 years follovimogease in

GZ abundince Since blooms occurred for approximately 5 years, GZ energy may reach the
benthos following the initial year of high abundancetos continental shelf A hypothesis is

that GZ contributes additional energy for fish recruitment (e.g. Friedtzadd 2008 Leaf and
Friedland, 2014)It is alsopossible these scavengers may not be consuming GZ carrion. They
could be feeding on living GZ aggregatiassthese scavengers were collected in relatively
shallow'watersgverage deptfor Atlantic hagfish: 186 m; grenadiers: 273 ofn}his shelf
environmentersus the deeper watdrsyondthe shelf slope More likely, hese scavengensay
alsofavorincreases imther benthos consumimy in association withjelly falls” or living jelly
aggregations«(e.g. decapod shrimp, galatheid crabs, and amphipods; Sweetman and Chapman,
2011; Sweetmast al., 2014. The limited diet data availabfer hagfish(number= 4 stomachs)
and grenadier@uumber= 31 stomachs)f this shelfindicatehagfish consume fish remains (e.g.
scales) and grenadiers: largmounts of amphipodpplychaetes and other benthic invertebrates.
Grenadiers alsbave a high frequency of unidentifiable remamgheir dietsandhagfishes rasp
their food.sHagfish have also been observed to actively prey on living fishes (Z&h#&ten

2011), so the'exact link or combination of events linkhrese scavengets GZ remains
uncertain\We note that the spatial overlap of GZ and benthic scaveig#rs studywas

limited to.the edge of the continental shelf excluding the Gulf of Maine. This may have
weakened the relationshipsdelayed the responses observed. Nonetheless, anstiel!f
relationship between GZ and scavenger abundance was found suggestinghbss®&yis

benefit from"GZ bloomsRelated hypotheses specific to the Gulf of Maine have mentell as
examining trends in abundance of additional scavengers in relation to GZ abundance for this
shelf (Sweetmast al., 2014). The exclusion of invertebeadcavengersere was solely because
of minimal spatistemporal data availableAkin to the Falkland Islands (South Atlantic), our
findings support Arkhipkin and Laptikhovsky (2013) whioferredincreasesn rock cod
(Patagonotothen ramsayi) abundance favor GZ presence followthgir consumption The time
betweenGZMblooms to increases in rock cod abundance wasxaotineg howeverjt shows
synchrony'intheir abundances dodhersuggest$Z to bea valuable trophic resouresad a
potentialfish recruitment mechanisfior multiple Atlantic ecosystemsWe note that additional
hypothesesegarding the Xear lag inGZ-fish synchrony of this sheHfreequallyvalid;
neverthelessve kept our focus on feeding given the theme of our work.
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516 Population success for many species has often been correlated with food ayailabili
517 abundance, anehergy(e.g Lambert and Dutil, 200@sterblomet al., 2008 Mills et al., 2013).
518  Notably,shifts inprey quality and energy tradeoffanoccur wherfish predators switch tother
519 prey whertheirabundance is high. With spiny dogfish, routine prey include fishesc(epgids
520 and AtlanticmackerelScomber scombrus) and squids in the northwest Atlantic (Smith and Link
521  2010). These item$ave 5 to 10 KJ/g wet weight of energy in comparison t&theonsidered
522  here with only"0.1 to 0.KJ/g wet weight (Steimle and Terranou®85;Arai, 1988. Given

523 these differences, omeight expecfish population succeds be hindered by GZ blooms and
524  subsequent feeding. However, with an exceptional rate of dig€atiaret al., 2003) and

525 known increases in energy density for reprodudB¥gMilisendaet al., 2014), these feeding

526  events may‘provide comparable energy resources particuldririfroutinefish prey are less

527 available €.g.predation ofish eggs and larvad’urcell and Argi2001; Lynaret al., 2005. To
528  note, spiny dogfish abundana@s excludea@s a covariate in this study due to éfiectof

529 fishing pressure on th&peciesparticularly unregulated fishing duritigeyears1977 to 2000

530 examinedhere(NEFSC 2006). More importantly, we chose conservative parameter estimates
531 for modeling GZ evacuation based on Duréial, (1983) and Hannan (2009). Albeit the trend
532  in GZ consumption and its relationship to GZ abundance would remain unchanged, increasing
533 parameterestimatéy one order of magnitude (applicable to the northwest Atlantic) would
534  equallyincrease the scale 6Z consumption (g individudt NEFSC, 200y, Beyond the

535 trophic interactions considered here, high endiayys and nutrient pathwayfer several

536 ecosystemsrinvolviellyfish and biota in association with jellyfigk.g. leatherback sea turtles
537 [Drmochelyseoriacea; Healsipet al. 2012], microbes [Condost al. 2011; Tintaet al. 2012],

538 and seabirdsJatoet al. 2015]). Akin to these studies, our work suggests an increased

539 importance in these GZommunity links during bloom periods.

540 Consideing the benthiscavengers included in this studyreasedsZ presence via

541  “jelly falls” or.saturation of the water colunmanprovide a surge of ener¢gy a somewhat

542  energy-limited, patchy fish community of the deep-shelf benttlgsg heavily on imported

543  nutrition sinking from the euphotic zonkli{ler, 2009. Studies have shown amounts of carbon
544  available following felly falls” are on the order of 0.3 to 1.4 mg C*ifi.ebratoet al., 2013b) or
545  even up to 78 g C M(Billett et al., 2006), in some cases exceeding the annual downward
546  transport of carbon. On the northeast U.S. siselfliment samples indicates majority of the
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shelf contains low amounts of carbon (< %%y weight) withsmall patches and some areas
(Gulf of Maine) with slightly higher amount8.6 to 1.99 % by weight; Theroux and Wigley,
1998). Although periodic swarms of saipish strong diel vertical migrations overldpe shelf
edgeinto deeper waters of this ecosystem (Madtial., 2006), amounts gélly carbon
transporédto.the benthoseemainunreportedto our knowlede. We believe GZ blooms provide
surges of energy to tiehelfbenthos, including benthfreyfor scavengindishes €.g.Priedeet
al., 1994; Sweetman and Chapman, 208W&eetmaret al. 2014). This energy signal should be
evident as'seen with largarrion falls (~4 % daily carbon flux rate; Higgsal., 2014), but it
may alsoexceed annual downward carbon transport akin to other areas (Arabian SéatBille
al., 2006).

Frequently shown, climatdirectly affects oceanographic proces@eg. Miller, 2004;
Drinkwateret al; 2009), can lower phytoplankton concentrations (Bay@t., 2010), and
modify fish_distributiongNye et al., 2009). Here, warming SST was related to increases in GZ
abundance as seen with other studies around the world (e.g. Richetrdlso?2009; Condoret
al., 2013).skimited (AMO) or an absence of evidence (NAO and BT) was found for the other
environmentakindicetested; however, other indices not considered here may have also played a
synergistie.role with SST as shown by Brodetual., (2008)in the eastern Bering Sedhe
global fearis that Giay beable to withstand climatic and environmental disturbamde=n
other biotaare negatively impacteddckson2008 Qiu, 2014). Thus, our work suggesuasther
studies to'relate additional climatic and environmental indices to GZ blamhexalore their
synergiesare"warrantedor this region

Forthemnortheast U.S. continental shelf, GZ blooms occur as widespread everts that
connected to the fish community and the environment. Interestingly, the fishedeceddiere
responded positively to the oscillations of GZ directly as prey or $uspectedfood falls” and
subsequendhcreass in preyfollowing blooms. At this scale, we showrovel couplingoetween
the plankton.and fish communities spanmegagic and benthic environments of this ecosystem
Reports of highGZ abundance have generally been negative ([2bag, 2010; Schrope, 2012;
Grahamet alv, 2014),butwe showthe general flux of GZ abundance on the shelf anddeect
members of the fish community can benefit from ecological pulse events, notutjithef GZ
frequently considered to bevoided bybiota of upper trophic levels. As inputs for ecosystem
models, documenting trends in GZ abundance and their connectivity to the fish community and
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the environment has implications for advancing our understandingadé-shelf ecology I(ink
et al., 2010). For the communities of this northwest Atlantic Sh&Z carbon is not ignored and
its effects on ecosystenfiiom the fish community to humans are widely important, which need

to be explaine@nd will receivecontinued intereggiven theirprofound yetvariableeffects
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TABLES

Table 1. Dynamic fator models applied tthe threegelatinous zooplankton abundance time series. Akaike’s information criterion
(AICc) corrected for sample sizeasused for model selection. A;is the difference between AICc and the minimum AlGcis the
weight assoclated with one model’s AICc relative to the other maddatsthe number of common trends identified which was equal
to one and applied to all modetldth covariates Multimodel averagingf the predicted data was applied with models 17 and 19;
thus,w; wasreestimated aretjuaéd 0.425557 (17) and 0.574425 (19) with negligible probability gained from the other models

shown.
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1047
1048

Model AlCc JAY Wi
1. Data = M common trends + error 1324 19.0 0.000035
2. "Data’= M common trends + consumption + error 137.4 24.0 0.000003
3. Data = M common trends + 2-year lagged consumption + error 120.9 7.5 0.010903
4. » Data.= M common trends + AMO + error 130.9 17.5 0.000073
5. DBata= M common trends + NAO + error 138.0 24.6 0.000002
6. Data = M common trends + SST + error 133.2 19.8 0.000023
7. Data= M common trends + BT + error 138.2 24.8 0.000002
8. Data== M common trends + 2-year lagged consumption + AMO + SST + error 119.5 6.1 0.021956
9. Data = M common trends + hagfish abundance + error 133.5 20.1  0.000020
10. Data,= M common trends + 2-year lagged hagfish abundance + error 130.7 17.3  0.000081
11. Data.= M common trends + grenadier abundance + error 138.1 24.7 0.000002
12. Data'= M common trends + 2-year lagged grenadier abundance + error 130.3 16.9 0.000099
13. Data’= M common trends + 2-year I.agged consumption + 2-year lagged hagfish 1172 38 0069342
abundance + 2-year lagged grenadier abundance + error
14. Data’'= M common trends + 2-year lagged consumption + AMO + 2-year lagged
. . 119.9 6.5 0.017976
hagfish abundance + 2-year lagged grenadier abundance + error
15. Data=M common trends + 2-year lagged consumption + AMO + SST + 2-year 119.0 56 0.028193
lagged hagfish Abundance + error
16. Data = M common trends + 2-year lagged consumption + AMO + SST + 2-year
. - 120.8 7.4 0.011462
lagged hagfish Abundance + 2-year lagged grenadier abundance + error
17. Data_ =M common trends + 2-year lagged consumption + SST + 2-year lagged 114.0 06 0.343455
hagfish abundance + error
18. Datas= .M common trends + 2-year lagged consumption + SST + 2-year lagged 118.7 53  0.032755
grenadier abundance + error
19. Data’= M common trends + 2-year lagged consumption + SST + 2-year lagged
. . 1134 0.0 0.463616
hagfish abundance + 2-year lagged grenadier abundance + error
20. Data = M common trends + other covariate combinations + error >117.4 NA NA
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FIGURE CAPTIONS

Figure 1. Map of thearthwest Atlantic (inset) andortheast U.S. continental shédetailed)
Regions defined as MAB: Midtlantic Bight; GB: Georges Bank; GOM: Gulf of Maine; and
SCS: Scotian Shelf. Cape Hatteras, North Carolina and Nova Scotia labekfdrence. Gray

lines denote.depth strata.

Figure 2. 'Map of feeding occurrences of gelatinous zooplankton (GZ) by spiny d&gtiatug
acanthias),;"andgrenadier (Family: Macrouridae) and Atlantic hagfistyXine glutinosa)
distributions on'the northeast U.S. continestalf Regions defined as MAB: MiAtlantic
Bight; GB..Georges B&; GOM: Gulf of Maine; and SCS: Scotian Shelf.

Figure 3. Standardized time series for the hest U.S. continental shelf) @elatinous
zooplankton abundan€&Zz) by region. (b Spiny dogfish consumption @Z. (c) Scavenger
abundance@snumber tow for grenadiers and Atlantic hagfish. (d) Environmeindices

(NAO: NorthrAtlantic Oscillation, AMO: Atlantic Multidecadal Oscillation, SST: sea surface
temperature, and BT: bottom temperatuv@lues expressed as annual averages of monthly or

seaonal‘anomalies.

Figure 4. Raio of gelatinous zooplanktoiZ) prey to other prey of spiny dogfish by season.

Values greater than one indicate years with GZ being the dominant diet component.

Figure 5. Fitted values (gray lines) for annual gelatinous zooplaf&@rabundance (black
dots) by region.The gtimal model (Models 17 and 19 averaged; see Tabt®rigairs 1 trend
and the explanatory variables: 2-year lagged spiny dogfish consumptiear &xgged Atlantic

hagfish and.grenadier abundanaed sea surface temperature
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