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ABSTRACT

Gelatinous zooplankton (GZnidarians ctenophores, and pelagic turies) periodically

are the dominantmembersof thez o opl ankt on throughout t he
oceans. Their unique body plans and life cycles allow them to rapidly take advantage of
favorable environmental conditions, which hasrimging consequreees for food web
dynamics and biogeochemical cycles. GZ populations have dpesenilatedo respond

to anthropogenic changes, but few legegnm studies exidb test this hypothesend even

fewer have examined the consequent effects on carkmort | analyzed two longerm

time series in the Chesapeake Bay and one in the Sargasso Sea for annual and interannual
changes in GZ populations and the environmental drieérthese changes | also
conducted mesocosm experiments in the Chesapeake Bay amopddva carbon flux
modelfor the Sargasso Sea to evaluate the role that GZ play in vertical carbon flux in
these two regions. In the Chesapeake Bay, summer populations of the dominant
scyphozoan medusa€hrysaoraquinquecirrha are postively correlatedwith spring

salinity and negatively with dissolved oxygen concentrations.C. quinquecirrha
biovolume has been decreasing from 12831, reducing predation pressure on the
ctenophorévinemiopsis leidyiwith cascading effects on copepod abundances. tajis

down control of the food web extends to changes in vertical carbon flux, with the
presence oM. leidyi reducing copepod fecal pellet flux by 50%. In the Sargasso Sea,
large salp blooms can completely dominate the zooplankton community, and both
cyclonic mesoscale eddies and seasonal changes in primary production can regulate
annualsalp population dynamics. Lontgrm salp population trends are correlated with
changes in decadal climate oscillations, and a-teny increase in the most abundant
salpspecies,Thalia democraticaywas observed from 1992011. During blooms, salps

can graze more than 100% of the primary production, and rapidly export carbon to depth
through sinking fecal pellets and carcasses, and through active tranapespiation at

depth. This carbon export to 200 m (average of 2.3 mg@this equivalent to 11% of

the measured sediment trap flux at the same depth, but salp fecal pellets and carcasses
attenuate slowly and can be equivalent to > 100% of measured sedimerdrbap at

3200 m, representing a large export of carbon to the bathypetageduring salp
blooms. GZ populations in both the Chesapeake Bay and Sargasso Sea are sensitive to
seasonal changes in the environment on annual and interannual time scailgs$err
changes in GZ abundances could continue into the future, causing corresponding changes
in carbon export.

Joshua Paul Stone

SCHOOL OF MARINE SCIENCE
THE COLLEGE OF WILLIAM AND MARY
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Population Dynamics of Gelatinous Zooplanktonin the Chesapeake Bay and
Sargasso Sea, and Effects on Carbon Export



CHAPTER 1

Introduction to the dissertation



Importance of gelatinous zooplankton

The term 6gel adi (Gdy rebplrankboa taxono
of marine organisms that share a similar gelatinous body with a high water (>95%) and
low carbon content (Lucas et al., 2011). This term traditionally includes medusae and
siphonophores (Phylum: Cnidaria,aSé: Scyphozoa, Hydrozoa, and Cubozoa), comb
jellies (Phylum: Ctenophora), and pelagic tunicates (Phylum: Chordata, Subphylum:
Urochordata or Tunicata, Class: Thalidiceps, doliolids, pyrosomes, and
Appendicularialarvaceans). This low carbon to wegight ratio, along with their
unique body plans, allows GZ to grow quickly and maintain much higher clearance rates
than norgelatinous animals with similar carbon content (Acufia et al., 2011, Pitt et al.,
2013). Additionally, GZ have unique life histori@sd extremely fast reproduction rates
when environmental conditions are optimal (reviewed in Purcell, 2005), allowing them to
have episodic or seasonal [ (véehergpopulatonsare at i on
several orders of magnitude higher tase levels) Both medusae and comb jellies are
important and voracious predators of zooplankton and ichthyoplankton (reviewed in
Purcell & Arai, 2001), and during blooms they can have extensivddam effects on
the food web (Purcell & Decker, 2005; €kalov et al., 2007; Condon & Steinberg, 2008;
West et al., 2009). Blooms of pelagic tunicates can similarly exeddeam control on
their food source, phytoplankton (Zeldis et al., 1995; Hereu et al., 2006; Madin et al.,
2006; Hereu et al., 2010). Tekgtremely high abundances that GZ are able to attain
during blooms not only affect food web dynamics, but also make them important in

biogeochemical cycling of carbon and nutrients.



GZ can affect biogeochemical cycling, including vertical export, thr@ugariety
of mechanisms. During the life of the animal, GZ not only excrete highly labile
dissolved organic matter (DOM) (Condon et al., 2011), but also produce sinking material
in the form of fecal pellets (Bruland & Silver, 1981; Madin, 1982) or muocoasses
(Kremer, 1979; Reeve et al., 1989). Some GZ undergo diel vertical migration, with their
respiration, excretion, and egestion of fecal pellets at depth contributing to carbon export
(Steinberg et al., 2000). The sinking of dead GZ carcasses ia significant, episodic
pulse of carbon to the benthos in a variety of environments (reviewed in Lebrato et al.,
2012). In addition to these direct influences, GZ may also regulate carbon and nutrient
flux through their topdown control of food webs. deause phytoplankton and other
zooplankton have diverse contributions to export;iGHiced changes in the abundance
and community composition of these other groups may have numerous secondary effects
on the amount and content of the vertical flux. Acecaly, future changes in GZ
populations would have wid@anging effects on carbon flux through numerous

mechanisms.

Globally, GZ populationsscillate through decadal periods of increase and
decreaséCondon et al., 2013although there areng-termdirectionalincreases, and
decreasegjocumentedn some regions (reviewed in Brotz et al., 2012; Condon et al.,
2013). Thereis a perception andoncern thaglobally GZpopulations aréargely
increasing (Daskalov et al., 2007; Richardson et al., 20R8ly in response to various
anthropogenic effects (reviewed in Purcell et al., 200Qweé¥er this notion appear®
be overstated amgtudies used to support this claim afeen miscited (Condon et al.,

2012; SanaMartin et al., 2016). Much of the anghity around this issue is a result of



the paucity of longerm GZ time series imostsystems, thus estimates of trends are
often based on only several years of data. The question of whether GZ populations are
changing is an important one, as GZ haveewahging effects on many human activities,
including interference with commercial fishing, stinging of recreational swimmers,
clogging intakes of power and desalination plants, and harming aquaculture operations
(reviewed in Purcell et al., 2007; Richandet al., 2009Graham et al., 2034 In

addition to these direct effects, lotgym changes in GZ populations would cause
concurrent longerm changes in trophic interactions and carbon cycling in the
ecosystems they inhabit. Two examples of ecosystdmge GZ can seasonaligcount

for the majority of biomass in the zooplanktme the Chesapeake Bay and the Sargasso
Sea, and the goal of this dissertation is tayugntifylong-term changes in GZ

populations in these contrasting ecosystems and Q)late the effect of those changes

on vertical flux.

Chesapeake Bay

The Chesapeake Bay is a large, highly productive estuary on the eastern coast of
the United States and is an important nursery ground for a wide variety of commercially
and ecologically imortant species. The dominant and seasonally abundant GZ in the
Chesapeake Bay are the lobate ctenopkiremiopsis leidyand the scyphozoan medusa
Chrysaora quinquecirrhaAdult M. leidyifeed primarily on crustacean zooplankton, and
duringM. leidyi peak abundance, can effectively control copepod populations (Purcell et
al., 2001; Purcell & Decker, 2005; Condon & Steinberg, 2008)leidyi also has a
significant negative effect on survival of other small zooplankton and on fish eggs

(Cowan et al., 198 Houde et al., 1994; Purcell & Arai, 2001), and laiMaleidyifeed



almost exclusively on microzooplankton and even consume phytoplankton (Sullivan &
Gifford, 2004). Each yeaM. leidyiare highest in abundance durigril and May
following increase in water temperature and copepod concentrations (Kremer, 1994,
Costello et al., 2006), and they continue to be abundant through August (Condon &
Steinberg, 2008). This is then followed by a bloonCofuinquecirrhastarting in late
May, which feeds vi@ciously onM. leidyi (Cargo & King, 1990).C. quinquecirrhacan
exert strong tojmlown control on ctenophore populations during summers with high
medusa abundance, causing a trophic cascade (Purcell & Cowan, 1995; Purcell &
Decker, 2005; Condon & Steinfgg 2008). However, the factors controlling the relative
abundances d¥l. leidyiandC. quinquecirrhadiffer and are linked to their contrasting

reproductive strategies.

M. leidyireproduces as a simultaneous hermaphrodite and releases sperm and
eggs inb the water column, often sd#rtilizing, while C. quinquecirrhaalternates
between a sexual, pelagic medusa stage, and an asexual, benthic polyp stage (Steinberg &
Condon, 2009). The strength of tBequinquecirrhabloom is stronger in years with
warme temperatures, reduced freshwater flow, and higher solar irradiance (Gatz et al.,
1973; Cargo & King, 1990; Purcell et al., 1999). Becdlisguinquecirrhdeeds heavily
on M. leidyi, years that are environmentally favorable@omquinquecirrhaexhibit low
M. leidyiabundance (Purcell & Cowan, 1995). A smdiledeidyi population reduces
overall predation on copepod populations, and copepod populations are much higher
during years with few ctenophores (Burrell & van Engel, 1976; Purcell & Decker,.2005)
Purcell and Decker (2005) showed that years with a negative North Atlantic Oscillation

(NAO) Index, which leads to higher water temperatures and salinities, had Gigher



guinquecirrhaabundances, lowa\. leidyi abundances, and higher copepod abundance
During the spring and summé, quinquecirrhacan control the plankton community
and affect all levels of the food web. However, prior studies ofteng changes in
Chesapeake Bay GZ populaticarglimited in scope either spatial{fargo and King

1990)or temporally(Purcell and Decker, 2005)

Because GZ in the Chesapeake Bay can form large blooniseaanhe the
keystone species the zooplankton community, they have the potential to greatly affect
nutrient cycling in the Bay, both directly thrgh their own feeding and metabolism, and
indirectly through trophic cascades (Pitt et al., 2009). In addition to affecting copepod
abundanceC. quinquecirrhaandM. leidyi shunt carbon (C) away from the main food
web and toward the microbial loop byeasing colloidal and dissolved organic matter
that is enriched in C over N and is readily respired by bacteria (Condon et al., 2011). In
several studies, GZ have been shown to increase primary productivity through release of
nutrients, as well as initiemg top-down trophic cascades in the zooplankton (West et al.,
2009; McNamara et al., 2014; Hosia et al., 2015). What has not been previously studied
is how trophic interactions and the relative abundances of these two gelatinous species

influence partialate organic matter flux to the benthos.

Sargasso Sea

The Sargasso Sea is an oligotrophic region in the North Atlantic subtropical gyre,
andsalpscan periodically become the dominant GZ in this area (Madin et al. 1996,
Madin et al. 2001, Roman et ab@). Salps(Class: Thaliacea, Order: Sal@agtubular

GZ that filterfeed on phytoplankton and microzooplanktanich duringblooms



increase in biomass to levels much higher than other zooplanktarge salp blooms
occur in other environments (Evéret al., 2011; Loeb & Santora, 2012), and salp
blooms can consume over 100% of the daily primary produatiihstanding stocks of
phytoplankton are depleté¢Hliereu et al., 2006), outcompete crustacean zooplankton for
food (Dubischar & Bathmann, 199&nd have significant effects on particle export
(Madin, 1982; Caron et al., 1989; Phillips et al. 2009) as detailed further below. Thus,
we predict salps in the Sargasso Sea will also be important grazers and contributors to
export. The life history ofaps includes alternation between a sexual stage (the
blastozooid) and an asexual stage (the oozoid) which enables them to rapidly replicate
and form high density blooms when conditions are favorable (Godeaux et al. 1998;
Henschke et al., 2015). A numlmdrsalp species can form these blooms, but for the
majority of species, almost nothing is known of the causes or fates of the blooms. In
other systems, salp populations have exhibited sensitivity to interannual getong
changes in the environment (M&d et al., 1994; Atkinson et al., 2004, Licandro et al.,
2006), but studies on lortgrm population changes in the western Atlantic Ocean, or any

oligotrophic region, are sorely lacking.

Mesozooplankton biomass has been increasing in the Sargassdltgea at
Bermuda Atlantic Timeseries Study (BATS) site over the past 17 years (Steinberg et al.,
2012), and the role that salps play in this increase is unknown. Ménard et al. (1994)
found that salp populatioriscreased along witimcreases in upwelling due lower
temperatures and higher winds, and Li et al. (2011) foundéhatand doliolid
abundance in the South China Sea was affected by an increase in chlaophyll

concentration caused by coastal upwelling and injection of nutrients into surface water



by cold core eddies in summer. Henschke et al. (2015) modeled salp populations in the
Tasman Sea, and found that both temperature and phytoplankton concentrations were the
dominantdrivers of salp population changes. In the Sargasso Seaglonghages in

net primary productivity (Saba et al., 2010) have been documented, with unknown effects
on salp populations. Additionally, cold core mesoscale eddies are an important periodic
source of nutrient upwelling in the Sargasso Sea (McGillicuddy et0dl7; Mouriiic

Carballido, 2009), that can increase zooplankton abundance and fecal pellet production
(Goldthwait & Steinberg, 2008; Eden et al., 2009). The links between thesedtalge
processes, decadal climate oscillations, and salp population chantigesSargasso Sea

remain to be explored.

Salps feed efficiently on small phytoplankton and bacteria and produce large, fast
sinking fecal pellets (Caron et al., 1989; Sutherland et al., 2010), making them important
in biogeochemical cycling. Salps has@me of the highest clearance rates of any
zooplanktoii several liters ht salp* (Harbison & McAlister, 1979; Madin & Purcell,

1992; Madin & Kremer, 1995). Salps feed by filtering water though a mucous mesh that
they then consume along with any parsctaught on the mesh (Bone et al., 2003).
Because of this, they ingest a large amount of material that passes through their guts
undigested and becomes packaged into fecal pellets that are much larger and faster
sinking than those of other zooplankton @&nsen, 1998). For example, copepod fecal
pellet sinking rates can range fror280 m day (Turner, 2002; Patonai et al., 2011)

while salp fecal pellet sinking rates range from2¥®0 m day (Andersen et al., 1998:

Yoon et al., 2001; Phillips et al.0@9). Salp fecal pellet productigotentially

represents a fast, efficient pathway for organic matter in the surface waters to move to



depth, and during a salp bloom, salps can be major contributors to the total carbon flux
from the surface to the deepas as demonstrated in the Mediterranean Sea (Yoon et al.,
1996; Fernex et al., 1996), North Pacific (Iseki, 1981), Sargasso Sea (Conte et al., 2001),

and Southern Ocean (Phillips et al., 2009).

While contribution to vertical carbon flux through salpdiegellets has been
widely studied, salp contributions to flux through vertical migration and sinking carcasses
have been considered less frequentlyZ arelow in per individual carbon content
(carbon content is typically ~10 % of dry weight and dryghieis ~45% of wetweight;
Madin et al., 1981; Clarke et al., 1992; Baileyakt 1995; Madin & Deibel, 1998)
compared to values for total zooplankton where carbon content is 36% of dry weight and
dry weight is 19% of wet weight at BATS (Madin et al. 200Evenhuge falls of GZ
could be an important source of carbon to the benthos, and a more important contributor
to global carbon flux than previously thought. Appropriately, the contribution of GZ
carcasses to vertical export has recently been regaivare attention (Lebrato et al.,
2013), and salp carcasses have been shownambgrsourceof benthicorganic
carbon in at least one region (Henschke et al., 2013). In addition to sinking carcasses,
vertically migrating zooplankton consume parti¢alarganic carbon in the surface
waters and respire or excrete it at depth (Steinberg et al., 2000), further contributing to
vertical flux. Calculating the contributions of these other mechanisms of vertical carbon
export by salps is crucial to understanythe role they play ibiogeochemical cyclingn

the Sargasso Sea.

Structure of dissertation

1C



This dissertation examines the population dynamics of GZ in the Chesapeake Bay
and Sargasso Sea as well as GZ effects on vertical carbon export. It is dapsrdorr
main chapters, examining GZ in the Chesapeake Bay in chapters lardli@the
Sargasso Sea in chapters 3 and 4. This is one of the few studies worldwide to examine
GZ population dynamics using loitgrm time series, and the only one in 8sgasso
Sea. Additionallythework includes novel calculations of lifetime salp contributions to
vertical carbon flux and experimental measurements efiémyn control of vertical

carbon flux.

Chapter I Introduction to dissertation

Chapter 2 utilizes two longterm time series to analyze the population dynamics
of GZ in the Chesapeake Bay. These time series include the Virginia Institute of Marine
Science Juvenile Fish and Blue Crab Survey from Z48® and the Chesapeake Bay
Program MesozooplankidSurvey from 1984002. Both annual and interannual
variation in GZ abundancese discussed, along wigmvironmental drivers, and
potential responses to climate change.

Chapter 3 experimentally measures the effects oftlmvn control by GZ in the
Chesapeake Bay on vertical carbon flUdesocosm experimentgere conductedsing
different combinations of GAllowing us toexamine how both the quantity and quality
of carbon and nitrogen flux changes as a result.

Chapter 4 utilizes the Bermuda Atlarat Time-series Study (BATS) zooplankton
time series from 1992011 to analyze changes in salp population dynamics in the

Sargasso Sed he annual and interannual variation of multiple spese® analyzed to
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explorethe influence of environmental drivedimate change, and mesoscale eddies.
Published in Marine Ecology Progress Series as Stone & Steinberg (2014).

Chapter 5 quantifies the contributions of salps in the Sargasso Sea to vertical
carbon flux. Salp carcass sinking and decomposition rafeexnentsvere conducted
and these resultmecombined with published rates of other processes to develop a model
of salp contributions to carbon expoAnnual and interannual variation in carbon export
and attenuation with deptbdiscussed Publisted in DeepSeaResearch as Stone &
Steinberg (2016).

Chapter 8@ Summary and conclusions of dissertation
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CHAPTER 2

Long-term changes in gelatinous zooplankton in Chesapeake Bay, USA:
Environmental controls and interspecific interactions
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ABSTRACT

Gelatinous zooplankton populations are sensitive to environmental perturbations,
and there has been concern awgjional longterm changes in theabundance due to
degraded environmental condition®/e used twadime series to analyze the population
dynamics of gelatinous zooplankton in the Chesapeake Bay, USA: the Virginia Institute
of Marine Science Juvenile Trawl Survey (198%12) and the Chesapeake Bay Program
Mesozooplankton Survey (192002). Annual anthterannual variations in population
size and distribution of the scyphozoan med@@agysaora quinquecirrhgAurelia
aurita, Cyanea capillataandRhopilema virrilli as well as the lobate ctenophore
Mnemiopsis leidyiwere compared to environmental arlden biological data collected
by both surveys. All species excéhtvirrilli varied seasonally, with temperature
controlling seasonal distribution and salinity controlling spatial distribution within
Chesapeake Bay. Scyphozoan population control biyemaental factors was primarily
a result of survival and asexual reproduction by the benthic scyphist@nae.
guinquecirrhawas present yeaound, but biovolume was highest hk8gptember and in
salinities between 10 and 2®1. leidyi populations wer@rimarily controlled byC.
guinquecirrhapredation, and were most abundant in June, after waters warmed above
18°C but beforeC. quinquecirrhabloomed. High spring streamflow significantly
reduced summet. quinquecirrhaiovolume, and low bottom dissold@xygen
concentrations delayed the timing of the peak bloom. Total GZ biovolume decreased
over both time series (198D12), likely due to decreases@n quinquecirrha
abundance, and the peak bloom was shifted later in the summer over the VIMS time

series (19992012). This reduction i€. quinquecirrhaallowed for a concurrent increase
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in M. leidyiand decrease in copepod abundance. Predicted future increases in spring
streamflow and spring hypoxia due to global climate change would further deCrease

guinquecirrhaabundance, allowing for future increaseMnleidyi populations.
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1. INTRODUCTION

Chesapeake Bay is a large estuary on the east coast of the United States, and is a
productive habitat for a variety of commercially important fish and fsstepecies.
Gelatinous zooplankton (GZ) play a key role in Chesapeake Bay pelagic food web
dynamics, with two species in particular that are abundant predators during the spring and
summer: the lobate ctenophdvimemiopsis leidyand the scyphozoan mesaChrysaora
quinquecirrha M. leidyifeeds voraciously on a wide variety of crustacean zooplankton,
and during GZ O6bl oo md -dpvenrcantoodos theezeoplankten s i g n i
community (Purcell et al., 1994; Purcell et al., 2001; Purcell & De@a@05; Condon &
Steinberg, 2008). Additionally, during bloom periods it competes with and consumes
ichthyoplankton and bivalve larvae of commercially important species (Govoni & Olney,
1991; Purcell et al., 1991; Cowan & Houde, 1993; Houde et al., Pa8dell et al.,
2001). SinceC. quinquecirrhaalso feeds on a wide variety of crustacean zooplankton, it
can have similar effects on the food welivadeidyi (Purcell, 1992). Howeve(.
guinquecirrhais also a voracious predatorMf leidyi, and carcontrol ctenophore
populations where these speciesocour (Purcell & Cowan, 1995; Purcell & Decker,
2005; Condon & Steinberg, 2008). The timing and strength of these interspecific
interactions are dependent on environmental conditions and how thosgoograffect

the reproduction of these two species.

M. leidyiare present in Chesapeake Bay throughout the year, but reproduce
during the spring when waters warm above 10°C and there is high prey availability
(Kremer, 1994; Purcell et al., 2001; Costatal., 2006).M. leidyiare simultaneous

hermaphrodites, holoplanktonic, and develop directly. They have extremely fast growth
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and high production rates, and under ideal conditions can double their biomass within a
day (Reeve et al., 1989) and produgeto 14,000 eggsdKremer, 1976).C.
quinquecirrhacan also reproduce rapidly under favorable conditions and alternates
between sexual and asexual reproduction. The planktonic médoszst abundant June
through October broadcast spawn eggs an@sp into the water column, where the
fertilized eggs form planulae that quickly settle on hard benthic substrate. Those planulae
transform into the benthic polyps (scyphistomae) which persist throughout the year, and
can encyst if conditions are unfavol&le.g., low temperatures, low food availability)
(Cargo & Schultz, 1966). Once waters warm to above 17°C in the spring (Cargo & King,
1990), these benthic polyps asexually produce planktonic ephyrae (a process called
strobilation) which then develop mthe adult medusae. Ephyrae production is highest in

salinities ranging from 9 to 25 (Purcell et al., 1999).

In Chesapeake Ba@,. quinquecirrhaare controlled by spring environmental
conditions, with warmer temperatures and higher salinities (lowardigeharge)
leading to higher strobilation rates earlier in the year (Cargo & King, 1990; Purcell &
Decker, 2005). These favorable spring conditions lead to higher abundances of medusae
during the summer, which then exert4wg@wvn control orM. leidyi, and release copepods
from M. leidyipredation pressure (Purcell & Decker, 2005; Condon & Steinberg, 2008).
Thus, spring temperature and rainfall can have cascadinrgdptep effects on the
summer food web in Chesapeake Bay. These interannual variatGngumquecirrha
abundance are inversely correlated with the North Atlantic Oscillation (NAO) Index, as
the NAO affects temperature and rainfall regimes in the region (Purcell & Decker, 2005).

Model predictions of the effect of climate change on theoremiclude increases in
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winter and spring streamflow which cause lower salinities and increases in hypoxia,
along with rising water temperatures (reviewed in Najjar et al., 204dditionally,
increases in hypoxia are expected to also be accompanieti®ades in pH, especially

in coastal regions (Melzner et al., 2013nese changes in climate could have significant

and immediate effects on GZ, with cascading effects down the food web.

A variety of other GZ species occur in the Chesapeake at vanyiag of the
year. These include the scyphozoan mediysmea capillatan the winter, the
scyphozoarfurelia auritain the fall, the predatory ctenophdderoe ovatan the fall,
and infrequent incursions of the scyphozo&tmmolophus meleagradRhoplema
verilli (Condon & Steinberg, 2009). Because these other specigsraallyless
abundant thaM. leidyiandC. quinquecirrhatheir respective roles in the Chesapeake
ecosystem have been less studied and their relative importance in food welcdysam
unknown. Accordingly, future changes in climate and the Chesapeake Bay ecosystem

would have unknown effects on these species.

Globally, GZ populations are changing in a variety of ecosystems (Mills, 2001;
Purcell, 2005), and it is hypothesizeatiZ populations will continue to change in
response to future anthropogenic effects (reviewed in Purcell et al., 2007). While long
term increases are observed in some GZ populations (Brotz et al., 2012), average global
changesn GZ populationgollow decadal oscillations andcrease and decrease
periodically(Condon et al., 2013). In Chesapeake Bayguinquecirrhgoopulations
declined in the miel980s, possibly as a result of decreases in oysters, the preferred
habitat of the benthic scyphistomaedBburg & Fulford, 2006). This decrease led to a

corresponding increase M. leidyiand decrease in the copepbchrtia tonsa Kimmel
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et al., 2012). However, the dataset used to analyze changegumaquecirrha

populations was spatially limited, anglerall changes in Chesapeake Bay GZ

populations, especially after the /i880s, remain to be determined. To better

understand how GZ populations in the Chesapeake Bay change on seasonal, interannual,
and decadal time scales, we analyzed two timessefi&Z abundance. These time

series cover a large spatial and temporal range, and include additional physical and
biogeochemical data. The goals of this studyeto analyze: 1) how GZ populations in
Chesapeake Bay are changing in response to envirdgahvariables, 2) how those

changes affect other zooplankton through trophic interactions, and 3jelongrends in

GZ populations and predict how these trends may change in the future.
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2. METHODS

2.1 VIMS Juvenile Trawl Survey

One of the time se#b used to assess GZ populations in Chesapeake Bay is the
Virginia Institute of Marine Science Juvenile Fish and Blue Crab Trawl Survey (hereafter
referred to as the VIMS survey or dataset). This survey is primarily used to develop
abundance indices fanyenile finfish and blue crabs, but the survey also recorded GZ
total biovolume and species presence from February, 1999 to February, 2012. Sampling
was conducted using a 9.14 m sdralloon otter trawl with 38.1 mm stretched mesh and
6.35 mm cod end lime Each tow was conducted during daylight hours and consisted of a
5-minute bottom trawl, and also fished during the net's descent and ascent. Sampling
occurred monthly, except during January and March, in each of 19 regions in the lower
(Virginia) portion of Chesapeake Bay and its tributaries (Figure 1). Within each region,
2-4 trawls were conducted at random at each of four depth straia3%72n, 3.7 9.1
m, 9.17 12.8 m, and >12.8 m. In addition to the trawl catch data, surface and bottom
tempeature, salinity, and dissolved oxygen (DO) were recorded, along with wind speed,
wind direction, and tidal stage. A complete description of the sampling protocol and

study design is in Lowery and Geer (2000).

Because the otter trawl in the VIMS sunfeshed for GZ on the descent and
ascent of the net, each tow fished for longer at deep stations than shallow stations. In
order to standardize across trawls, catch data were converted into biovolume caught per
minute fished (L towmin™). The net descerd and ascended at an average rate of 0.08

m s?, and this rate was multiplied by the depth of each station and added to the bottom
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trawl time of 5 minutes to calculate the total time of the tow, which ranged from 5.5 to
20.4 min. While only total biovolae of all GZ species combined was measured, the
presence of each species was recorded, and summer biovolume is p@marily
quinquecirrha(Tuckey pers. comm.)While dead GZ may have been captured during the
benthic portion of each trawtechnicianglid not record any obviously morbibund or
severaly damaged individualBecause of the large mesh s{38.1 mm) hydrozoan

medusae, small ctenophores, and scyphozoan ephyrae were not caught in the net.

2.2 Chesapeake Bay Program

The second time series ds® analyze GZ populations is the mesozooplankton
monitoring component of the Chesapeake Bay Program (hereafter referred to as the CBP
survey or dataset). These data were downloaded from the Chesapeake Bay Program
online Plankton Database:
www.chesapeakmy.net/data/downloads/baywide_cbp_plankton_database, where a
complete description of the sampling methodology can be found. Sampling was
conducted monthly from August, 1984 to December, 1992, and monthly (except for
January and February) from March, 19635eptember, 2002. Ten stations in the upper
(Maryland) portion of Chesapeake Bay and its tributaries were sampled (Figure 2), with
some stations only sampled for a portion of the study period. Sampling consisted of

duplicate stepped, oblique tows tagh the water column using a 0.5 m

mesozooplankton net with 202 em mesh. GZz

groups: Hydrozoandinemiopsissp., and Scyphozoans, and count and biovoluffie m
were reported for each grouperoesp. was also recordéxy this survey but excluded

from the analysis as they wasbserved too infrequenttp conduct statistical analyses of
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their populations Large scyphozoans are underestimated by this sampling method, due

to the small net size, and absolute abundancasaetable. However, as the sampling
method was constant across the time series, relative abundances of Scyphozoans can be
compared within the time series. In addition to GZ data, abundance was measured for alll
other mesozooplankton within each tow,witlentification to species when possible.

Water temperature, salinity, DO, and chloroplaylVere recorded at each station for

several depths. We integrated or averaged these data for the water column where

appropriate for comparisons with GZ abundance.

2.3 Other data collection

In addition to the VIMS and CBP surveys, two other time series of environmental
data were used in the analyses. These were the monthly North Atlantic Oscillation index
from the National Weather Service Climate Prediction Gente
(www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml) and the monthly mean streamflow for
the James River from the USGS National Water Information System
(waterdata.usgs.gov/nwis/sw). James River streamflow was used to represent streamflow
magnitude for all da in the VIMS datasdiecause of its proximity to the study area
James River streamflois highly correlated with streamflom other river systems (e,g.
PotomacSusquehanna, etdr) the Chesapeake Bay (Spearman correlation > 0.762, p <

0.0001)

24 Statistical analyses

All statistical analyses were conducted with SigmaPlot 11.0 software. Habitat

preference analyses were conducted by averaging GZ biovolume or GZ species presence
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into 0.5 °C temperature or 0.5 salinity upihsacross all years drstations or sampling
regions for each season. These averages were then plotted across the range of
temperatures or salinities sampled. A linear, Gaussian, exponential decay, or exponential

growth model was then fit to the data as appropriate.

To anayze the effect of environment and season on spatial distributi@n of
guinquecirrhain Chesapeake Bay, we calculated the mean center of population for each
month of the VIMS time series. All biovolume observations wi@rquinquecirrha
were present irhe VIMS time series were plotted in ArcGIS 10.3 for each month. These
observation®f population biovolumeavere then interpolated using the inverse distance
weighted methoavith coastline asaboundary and each mont hés resul
was dividednto one of four regions (James River, York River, Rappahannock River, and
mainstem Chesapeake Bay). The weighted center of each region was calculated for each
month, and weighting was based on the interpolated GZ biovolume. After calculating the
centerof popul ation, its distance from the molt
midline was then measured. This gave an estimate of how far upstream or downstream
the populatiorbiovolumecenter was for that particular month. These distances were

then compared to average streamflow and temperature for each month.

Seasonality of GZ biovolume and GZ presence was calculated by averaging
across all regions and years for each calendar month. Changes in seasonality were
calculated by plotting the avaage weekly GZ biovolume for each year of the VIMS
dataset.A Gaussiarpeakregression was then fit to data for each year, and the Julian day
and magnitude of each yearsoé6 fitted peak w

Julian day and magnituaé the biovolume peak were then analyzed using linear
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regression.The VIMS survey samples each site on a monthly basis, but this occurs over
the course of the month. The weekly averaging for this analysis is not expected to bias
the results as the ordef sites sampled changes randomly from year to y€his
seasonahnalysis was also attempted for the CBP dataset, butwieeemot sufficient

sampledo accurately fit curves for each individual year.

Anomalies in environmental parameters, GZ blawte, and taxon abundance

were calculated for each month using the following formula:

!ee||'g%

Wherel, is the average of each parameter for year/mom#ndu; is the climatological

mean for calendar montfof that parameter (8inberg et al., 2012). Anomalies were

calculated for each sampling region (VIMS survey) or station (CBP survey) first, and

then averaged across regions or stations for each month. Annual or seasonal anomalies
were calculated by averaging monthly anoesli Multiyear trends or correlations

between environmental parameter and GZ biovolume anomalies were calculated either by

l inear regression or Pdéeagsadlamontsaid2Zyeas!| at i on
were also used to examine correlationsveein GZ biovolume and environmental

parameters.

A variety of thresholds have been suggested for hypoxia in the Chesapeake Bay
including < 2.0 mg @™ (Diaz & Rosenberg, 1995), < 3.5, (Condon et al., 2001), and <
50% saturation (~ < 3:8.0, Breitburg eal., 2003). For this study, hypoxic conditions

were defined as a bottom dissolved oxygen concentration of < 3. Iy &3 this
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threshold is an averge of other values used and has beepregedislyas a cuoff for

examining effects of€hrysaordzooplankton interactions (Grove & Breitburg, 2005).

To combine datasets and calculate trends across a broader range of years, we
standardized the GaZbundanc@nomaiesin the lower Bay VIMS dataset to the upper
Bay CBP dataset by using the values frorartapping years (1999002). This was
accomplished by adjusting the relative magnitudes and disthooe zero for each
anomaly in the VIMS datasetEirst, themean ratian anomalymagnitudegR) between

the two datasets f@ll six combinations of ov&ppingyearswas calculated as follows:

R = [(Cigo9T Co000 / (V19991 V2000 + (CioagT Co001) / (V19991 V2001) + (Crogol
C2002 / (V19991 V2002 + (Cao00T Co001) / (V20001 V2001) + (Ca000T C2002) / (V20001 V2002

+ (Ca001T C2002 / (V20011 V2002)] / 6

whereC, andVy are the CBP and VIMS dataset anomalies respectively, foxyean
the overlapping years 19990 0 2 . Each yeard6s aWpwaal y i n t
then multiplied byR to obtain an adjusted VIMS datasAt/) that had the saerelative

magnitude anomalies as the CBP dataset:

AVy=R*Vy

We then calculated the average differer®ebetween the datasedy/ andC for each of

the four overlapping yeaes follows:

S=[(AV 19991 C1999 + (AV2000T C2000 + (AV2001T Ca001) + (AV20021 Co009)] / 4

This average differenceéwas then subtracted from each year in the dafégé&t obtain

the final adjusted VIMS abundance anomaly for each yéah,):
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FAx=AV4T S

Overlapping year§19992002)were then calculated as an ayggaf the original CBP
datase(C) and the new standardized VIMS datg$&t). We acknowledge that the low

number of overlapping years (4) may contribute to error in this calculation.
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3. RESULTS

3.1 Habitat preference

Both salinity and temperature aftehe distributions of all GZ taxa studied in
both time series, with temperature controlling temporal distribution on a seasonal basis

and salinity controlling spatial distribution within a season.

3.2 Salinity

For C. quinquecirrhapeak biovolume occarat a salinity of 16.4 and peak
presence at 16.2 in the VIMS dataset (Fig. 3A, 4B) for the lower portion of Chesapeake
Bay, while peak scyphozoan biovolume (prima@lyquinquecirrhd occurs at a lower
salinity of 11.3 (Fig. 3C) in the CBP dataset fag tipper Bay. Even though peak
salinity is different between datasets, biovolume is very low for both at salinities less than
6 (Fig. 3A, 3C). This trendetween biovolume and salinity significant for February,
March, and Jun®ctober, and salinity eXqins presence d&. quinquecirrhamost
strongly in summer (Jur&ugust; Fig. 5). The weighted center of populationGor
guinquecirrhawas significantly farther downstream in both the York and Rappahannock
Rivers in summer during years with higher stndal ow ( Pear sonds Corr el

=0.511, p< 0.001) (Figure 6).

M. leidyibiovolume in the CBP dataset is highest at salinities bf ,@ut below a
salinity of 5 there is a sharp decrease in biovolume {AYy. Very low salinities were
not sanpled in the VIMS survey, and ctenophore presence (primerilgidyi) decreases
linearly with increasing salinity from 4 to 26 (Fig. 4ercent presence obth the

medusad\. auritaandC. capillatapeaked aintermediatesalinity ranges, but the
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relaionship was stronger fa&X. aurita(peaking at 20.0, Figure 3D) than f0r capillata
(peaking at 15.4, Figure 3ER. verrilli presence increases linearly with salinity up to the

highest salinities sampled (~25, Fig. 3F).

3.3 Temperature

C. quinquecirrfa presence and biovolume (Fig. 3#) both increasd
exponentiallywith temperatur@above ~1516 °C. Temperature has a greater effedCon
guinquecirrhabiovolume than presence, and has no signifig@ast 0.05)control on
presence distribution withimg particular month. Ctenophores are present at all
temperatures, and percent presence increases linearly with increasing temperature (Fig.
8C). M. leidyibiovolume increases exponentially with temperature, with a sharp increase
above ~18 °C (Fig/B). A. auritapresence increases exponentially with temperature and
was almost excluded from temperatures below*18ig. 8). ConverselyC.
capillatais only present in temperatures < 21 °C, and percent presence is highest at
temperatures lower than ~16 (Figure8E). Temperature has only a very weak effect on

R. verrilli presence, and it is absent only from the highest temperatures (>27 °8F)Fig.

3.4 Seasonality

There are considerable seasonal changes in total GZ biovolume as well as
presence of &lGZ taxa in the lower Bay (VIMS dataset, Fig. 9). Total GZ biovolume
begins to increase in April, peaks in June/July, and decreases until November, after which
winter biovolume remains low through March (Fig. 94). quinquecirrhas present in
the lowe Bay yeafround, but is most frequently found from H8gptember (Figure 9B).

This pattern in seasonality in presence corresponds well with the upper Bay (CBP dataset,
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Figure 10A) where scyphozoan biovolume is highest in July and August, decreases
SeptenberNovember, and remains low Decemidene (Fig. 10B). Ctenophores

(primarily M. leidyi) are also present yeesund, and peak in percent presence in May

and June in the lower Chesapeake Bay (Figure 9C) andSkptember in the upper
Chesapeake Bay (@tire 10C).M. leidyi biovolume increases sharply in Jun¢ha

upper Chesapeake Bay, and then decreases steadily throughout the summer and fall until
November (Figure 10D)A. auritais present in the lower Bay from August to November
(Figure 9D),C. capillata from December to May (Figure 9E), aRd verrilli from

September to December (Figure 9F). Hydrozoan medusae are most often present in the
upper Bay from May to November (Figure 10E), with higher biovolume in May through

July (Figure 10F).

3.5 Changes in seasonality

On average, total GZ biovolume (primarily comprisedofjuinquecirrha peaks
on Julian day 186 +12 (July 5) in the lower Bay (VIMS dataset,-2000). The day of
peak biomass shifted to later in the year over the course of thesdnes (Figure 11A).
Additionally, the magnitude of this bloom decreased over the course of the time series
(Figure 11B). However, the magnitude of the bloom is not dependent on the timing of
the peak, and these two trends do not significantyary (p = 0.57). The timing of the
bloom is significantly and negatively correlated with bottom dissolved oxygen (DO)
concentrations in June (Figure 11C), but DO concentrations do not affect the magnitude
of the calculated peak total GZ biovolume, which isead negatively correlated withe
June temperature anomaly (Fig. 11D). No change in timing or magnitude of the peak

scyphozoan medusae M leidyi bloom is present in the upper Chesapeake Bay.
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3.6 Effects of hypoxia on GZ

When hypoxic conditions amgresent (dissolved £x 3.0 mg/L), median total GZ
biovolume in the lower Chesapeake Bay is significantly reduced during both June and
July, but not August and September (Fig. 12). Simildunigher DO is correlated with
higher GZ biovolume, an@Z biovolume anomaly in June is positively correlated with
June DO anomaly from1999011 ( Pearsonds correlation =
same positive relationship between DO anomaly and scyphozoan medusae anomaly is
present in the upper Bay in July (CBP datdas, Pear sonds <correlati on
However, this relationship reverses later in the summer, with total GZ biovolume
anomaly for both Augu0sH74, p(=P.840)rasdcapesberc or r el a
(Pear son o6 s-0.650,mpkF e.016)¢gativety correlated with July DO anomaly

in the lower Bay.

3.7 Longterm changes

Annual summer to early fall (Jus@ctober) biovolume anomaly of scyphozoan
medusaelecreased over the long term in the upper Bay (228, CBP dataset) and
was accompaed by a corresponding increaséMnleidyi biovolume anomaly and
decrease in copepod abundance anomaly (Fig. 13). Similarly there wast@rtong
decrease in Jur@ctober total GZ biovolume (primaril@. quinquecirrhin the lower
Bay from 19992011, a this decrease was strongest in Juhiee standardized,
combined upper and lower Bawatasetgsee Methods) show significant decrease over
the combined time series in scyphozoan/total GZ biovolume from-2985 is evident

(Fig. 14).
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These longermchanges in biovolume are correlated with changes in several
environmental drivers. Summer to early fall total GZ biovolume in the lower Bay{1999
2011) is most highly correlated with changes in bottom salinity over the same time period
(Fig. 15A). Howeer, as the summer progresses, environmental influence on GZ
biovolume changes. May total GZ biovolume anomaly was negatively correlated with
streamfl ow ( Pe a-0.588 p®&G0470 and Jureltotalt GZ biovolwme
anomaly was positively corretad with salinity (Fig. 15B), while GZ biovolume in
August and September were most strongly and negatively correlated witioatR lag
in bottom DO (Fig. 15C, Fig. 15D respectively). June total GZ biovolume was also
positively correlated with June NAO.{0, p = 0.007), but NAO (including lagged
winter NAO, as found in Purcell & Decker, 2005) was not correlated with biovolume

overall for any other month.

In the upper Bay, summer scyphozoan medusae biovolume was weakly
negatively correlated with chlgpbylla( Pe ar s on 6 s -0.210,p = 6.028) tando n =
positively with bottom DO in July only (Pe
SummeiM. leidyibiovolume anomaly was more closely, and negatively, correlated with
scyphozoan an camadtion =0.2@ pr09IBntlas any physical
environmental driver. Hydrozoan medusae summer anomaly was positively correlated
with both bottom DO and salinity (Pearsonb

correlation = 0.222, p= 0.032, respeety).
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4. DISCUSSION

4.1 Effects of salinity

The distribution ofC. quinquecirrhanedusae in Chesapeake Bay is primarily
controlled by salinity during the summer months when their biovolume is highest. While
C. quinquecirrhavere present in ChesapeaRay across a wide range of salinities {3.5
25), their biovolume approached zero below a salinity of 7. This lower salinity limit for
C. quinquecirrhas likely due to their death at salinities below 5 (Wright & Purcell,

1997). C. quinquecirrhabiovolume and presence also decreased at higher salinities,
although not to the same extent as at lower salinitigS, gainquecirrhavas still

present in 18% of the tows at the highest salinity sampled (25). The range in salinity in
which peak biovolume occred differed between upper and lower regions of the Bay (9

T 15 in the upper Bay and 12.519.5 in the lower Bay). This range in peak biovolume

for the upper Bay is consistent with results from a prior study in the mainstem of both the
upper and lower 8y that found the highest concentration€ofjuinquecirrhaat

salinities of 10" 16, and peak presence at 13.5 (Decker et al., 2007). However, we found
peakC. quinquecirrhabiovolume in the lower Chesapeake Bay occupied higher salinities

than previoust reported.

Salinity further limitsC. quinquecirrhadistribution by affecting the benthic
scyphistomae. While Decker et al. (2007) suggested_thgiiinquecirrhamedusae
vertically migrate in tidal streams to remain in preferred salinities, a recelytaf fine
scale distribution o€. quinquecirrhaBreitburg & Burrell, 2014) found no evidence for

selective tidal stream transport. Thus, we posit that medusae distribution is a secondary
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result of benthic scyphistomae habitat selection and estwaaitee circulation patterns.
Scyphistomae are limited to salinities of 25 (Cargo & Schultz, 1966 and 1967), and
strobilation is highest at salinities of 125 (Purcell et al., 1999). It is likely that after
ephyrae are produced at optimum saliniogés10i 20, they grow and disperse randomly
through physical forcinghroughout the BayWe positthat while ephyrae die if they
reach salinities below 5, they survive but are widely dispersed at higher salinities in the
lower mainstem of Chesapeake Bahhis is supported by the seasonal effect of salinity
on C. quinquecirrhgoresence. Salinity exerts the strongest influencg.on
guinquecirrhamedusae presence in early summer (June and July) immediately after
strobilation, but this effect weakens wihch passing month (August through October)
and disappears in the overwintering population of medusae. In addition to reducing
salinity, higher river flow may also cause a faster and greater physical transport of

medusae downriven surface waters

Salnity also significanlly affectsinterannual variation in summer GZ (primarily
C. quinquecirrha biovolume. Both Cargo & King (1990) and Purcell & Decker (2005)
found longterm changes i€. quinquecirrhaabundance to be primarily influenced by
differences in spring salinity. While we did find a significant positive effect of salinity
on GZ biovolume in the lower Chesapeake Bay, especially in May and June, no effect of
salinity on longterm trends in the biovolume of scyphozoan medusae was evident in the

upper Bay.

Ctenophorgoresencavas also significantly correlated with salinity. Ctenophores
(primarily M. leidy) were nearly absent at the lowest salinitiet 40, but were most

abundant at salinities immediately above that limiti(d&). At salinties above the peak
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abundance and presenceMbfleidyi, both measures of abundance decreased linearly.
Although M. leidyiegg production increases with salinity (Jaspers et al., 2011),
successful reproduction and population increase of ctenophoresat sadjnities in
Chesapeake Bay are likely limited by the presende. afuinquecirrhaduring the
summer. Not only doeS. quinquecirrhgorey heavily orM. leidyi, but nonlethal
interactions such as escape from predation also réduledyi fecundity(Purcell &
Cowan, 1995).M. leidyiare able to tolerate lower salinities (0.25.6) tharC.
quinquecirrha(Purcell & Decker, 2005; this study), and low salinity zones may act as
refugia from predation. K. leidyi population sources are primarily imese low salinity
zones, an indivi dua lCogsinquecimharedusaontreasea count er
cumulatively as it moves downstream, explaining the salinity distribofidh leidyiwe
found. As Breitburg & Burrell (2014) also found no evidence &ravioral regulation

of spatial distribution ifM. leidyi, the effect of salinity oM. leidyiabundance and
presence is likely a secondary effect of the probabilityl aeidyi encounters witl€.

guinquecirrhamedusae.

Aurelia auritapresence was restral by salinity in a similar pattern €.
guinquecirrhabut in a higher range of salinities (~L@5). Distribution ofA. auritahas
been little studied in Chesapeake Bay,Auauritais reported to be well distributed
throughout the water column @&variety of other regions (reviewed in Albert, 2011).

Both A. auritaandA. labiatadid not use tidally synchronized vertical migration to
regulate their distribution within the Wadden Sea (van der Veer & Oorthuysen, 1985) or
Roscoe Bay (Albert, 2010)f A. auritain Chesapeake Bay are not using tidal circulation

to control their location, then we sugg@stauritadistribution, like that ofC.
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quinquecirrha is a secondary effect of scyphistomae reproduction. We posit that
scyphistomae are presentamarrow salinity range (~1i823), and distribution outside
of this range is governed randomly by estuarine circulation. Salinity had a weaker
influence orC. capillatapresence, and while medusae were present at all salinities
sampled (3.5 25), therewas a peak in percent presence at salinities of11d This is
consistent with observations th@t capillatareproduces at estuarine salinities down to
12 (Holst & Jarms, 2010). Unlike the other scyphomedaeerrilli had the highest
percent presee at the highest sampled salinities; their presence decreased linearly with
decreasing salinity and this species was virtually absent below salinities of 12. This
pattern strongly suggests thtverrilli reproduce outside of Chesapeake Bay and are
adwected into the Bay from the Atlantic Ocean, most likely from the south (Harper &

Runnels, 1990).

4.2 Effects of temperature

While salinity controlsC. quinquecirrhaA. aurita, andC. capillataspatial
distributions, temperature controls their biovoluamel frequency of presence seasonally.
C. quinquecirrhaiovolume increagskexponentially above 18C in both the upper and
lower regions of the Bay, as scyphistomaeahegpring strobilation at approximately that
temperature (Cargo & Schultz, 1966; Plireeal., 1999). This control of temperature on
C. quinquecirrhaiovolume is strictly a seasonal phenomenon, as temperature had no
effect on the distribution of biovolume after removing the seasonal trend. While percent
presence o€. quinquecirrhaalso increased above 15 °C, medusae were commonly
present throughout the year and at temperaagdsw asl.5 °C This result contrasts

with previous reports that medusae die off at the end of the summer (Cargo & King,
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1990; Decker et al., 2007) or at teengtures below 10 °C (Gatz et al., 1978).
quinquecirrhamedusae pulsation rate is linearly related to temperature, and is too slow to
counteract their negative buoyancy belowC5Gatz et al., 1973; Sexton et al., 2010).

While this temperaturenduced drop in pulsation rate caugesquinquecirrhao

disappear from surface waters during the winter, our data suggest they arergasent
thebottom during these months. Because the VIMS survey samples using a benthic
trawl, it colilnegd smeduessaee Oahti bteermmpaetr at ur es
medusaeare caughin good conditior(Lowery, pers. comm,)and do occasionally pulse,

albeit infrequently. While the majority of medusae likely die in the winter due to

dropping temperatures or starvatias,evidenced by the significant drop in biovolume

below 15°C, someindividuals do survive and are present throughout the winter months.

Ctenophore percent presence (primaklyleidyi) increased linearly with
temperature, anill. leidyi biovolume wassignificantly higher at temperatures above 18
°C. This was expected &8. leidyireproduction is controlled by a combination of
temperature and food availability (reviewed in Kremer, 1994). The rapid increlslse in
leidyi percent presence and biovolumelune is followed by a steady decrease in
biovolume, but not percent presence, throughout the summer and fall. This decrease in
biovolume is most likely due to predation 8y quinquecirrhawhich typically blooms
one month later in July, and can effgety controlM. leidyi populations (Purcell &

Decker, 2005; Condon & Steinberg, 2008; Breitburg & Burrell, 2014).

Temperature has opposing effectsforauritaandC. capillatapresence; percent
presence oA. auritaincreases whil€. capillatadecreass exponentially with

temperature A. auritais only present in Chesapeake waters Jilovember, anc.
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capillatais present DecembérMay. As withC. quinquecirrhatemperature controls

their populations by influencing the timing and intensity dflsitation by the
scyphistomae. The timing & auritablooms is affected by both light and temperature
(Liu et al., 2009), but temperature can be negatively or positively correlated with
strobilation depending on the region, suggestingAhalturitapopulations are locally
adapted to time their production of medusae with peak zooplankton biomass (Han & Uye,
2010; Purcell et al., 2012; Wang et al., 2015; Sokolowski et al., 2016). HoweveA.peak
aurita presence in Chesapeake Bay appears after the peplaakton bloom. This may

be an adaptation to avoid competition wthquinquecirrhaby blooming two months

later. In contrasiC. capillataonly begins strobilation at temperatures below 15 °C
(Cargo & Schultz, 1967) explaining the seasonality ipiesence in Chesapeake Bay.
Temperature has only a weak effectRarverrilli presence, although it is absent in the

lower Bay in July and August during the highest water temperatures.
4.3 Effects of dissolved oxygen

Because the VIMS survey preferenifadamples bottom waters, avoidance of low
DO waters byC. quinquecirrhamay contribute to reduced catches of scyphozoan
medusae in hypoxic conditions. However, this is not likely the case as lower biovolumes
in hypoxic conditions were only observed iméwnd July but not in August and
September (Fig. 12), supporting our interpretation that low DO conditions do not cause a
sampling bias and do have an effect on population growth. Whilegldbathinquecirrha
medusae anM. leidyican survive DO concentians as low as 0.5 mgi(Breitburg et
al., 2003), polyp survival and asexual reproductio@.ofuinquecirrhaare reduced at

concentrations of 3.5 mg’Land below (Condon et al., 2001), avidleidyi growth and
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reproduction are also decreased by redu2® concentration (Grove & Breitburg, 2005).
However, whileC. quinquecirrhamedusae anhl. leidyi ctenophores are able to regulate
their depth in the water column to avoid low DO levels (Breitburg et al., 2003), benthic
polyps are unable to escapg oxygenconditions. In our analysis, bottom DO
concentrations had a significant effect on the timing of the summer GZ bloom (primarily
C. quinquecirrhg, with lower DO concentrations during the strobilation period delaying
the onset of the bloom (Fig. 11B&pring and summer DO concentrations did not have

an effect on the overall GZ biovolume, but low DO concentrations in May and June were
negatively correlated with August and September GZ biovolume. This suggests that
while hypoxic conditions can suppregsobilation, it still occurs, albeit at a lower rate,

and overall biovolume dE. quinquecirrhas not affected by the later strobilation.
4.4 Longterm trends

We observed declines in summer total GZ biovolume from 198312, in
scyphozoan medusaeoliblume in thaipperChesapeake Bay from 19842002 and in
total GZ biovolume in the lowdayfrom 19991 2012. These declines are largely due
to a decrease 8. quinquecirrhanedusae, as this species accounts for the majority of
summer biovolume in lib time series. A previous study which utilized three GZ
datasets, one of visual coummssurface waters from a piat a single locatiagrand two
using a 1 rf Tucker trawl at various sites in the Patuxent River and mainstem
Chesapeake Bay, also foundexline inC. quinquecirrhamedusae in the upper
Chesapeake from 19602005 (Breitburg & Fulford, 2006). This decline began in the
mid-1980s, which was attributed to the concurrent rapid decline in ogatesqostrea

virginica) populations. Oyster sheare the primary substrate for e quinquecirrha
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scyphistomageand polyps have a higher abundance on oyster shells than other natural and
artificial substrates (Cones & Haven, 196®%)was suggested that the greatly reduced
population of Chesapeakgsters after the mid980s greatly reduced the habitat

availability for scyphistomae (Breitburg & Fulford, 2006). Our time series began in

1984, after the observed population reduction in oyster€agdinquecirrhaWhile we
observea decrease i€. quinquecirrhapopulations since 1984, oyster populations have
remained stable or increased in Chesapeake Bay over the same time period (Tarnowski,
2015; Southworth & Mann, 2016). Thus, the continued decli@ guinquecirrhaafter

the 1980s is likely natue to changes in oyster populations.

What then is causing the lottgrm decrease i@. quinquecirrh@ The overall
decrease in medusae can be attributed to factors affecting the scyphistomae and
strobilation,but theenvironmental factorthat affecthese processesch have different
thresholds of influence, and what may affécquinquecirrhgpopulations one year may
not the following yearLong-term changes i€. quinguecirrhabiovolume areclearly
correlated with changes in environmental condgio Both Cargo & King (1990) and
Purcell & Decker (2005) found int@nnual variability inC. quinquecirrhgoopulations
linked with changes in salinity and temperature, and negatively correlated with changes
in NAO. We found a similar positive correlati between summer total GZ biovolume
and salinity, but temperature was only weakly positively correlated with June peak
biovolume (Fig. 11D). NAO was only correlated with GZ biovolume for one mionth
Junei and it was a positive correlation, opposite twatvPurcell & Decker (2005)
reported. We found the interplay between environmental driver€ agdinquecirrha

populations is complex, with salinity driving overall abundance, low DO delaying onset
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of the summer GZ bloom, and temperature windows rasgitihe period of bloom
initiation. Additionally, temperature has an interactive effect with DO, with higher
temperatures lowering DO solubility and causing higher metabolic demand. These
numerous drivers €. quinquecirrhaabundance, coupled with preusly observed
effects of oyster abundance (Breitburg & Fulford, 2006), and NAO (Purcell & Decker,
2005), make it difficult to attribute the overall decreas€.iguinquecirrhgpopulations

to one environmental factor.

Global climate change is predictediave a variety of wideanging effects on
the Chesapeake Bay region (reviewed in Najjar et al., 2010; Rice & Jastram, 2015), and a
number of these changes could lead to a continued declhequinquecirrha Increases
in June water tempature could @irther decrease the magnitude of the peak biovolume.
JanuaryMay streamflow is predicted to increase, causing decreases in spring salinity
(Najjar et al., 2010) and increases in hypoxia (Hagy et al., 2004). WaWelume of
hypoxic wateran early sunmer has been increasing over the last 60 years, late summer
hypoxia has been slightly decreasing, effectively shifting the hypoxic period earlier in the
year (Murphy et al., 2011). Although we did not observe any effect of hypoxia on overall
GZ biovolume early summer hypoxia did delay bloom formation. It may be that future
increases in early summer hypoxia, and further shifting of hypoxic events earlier into the
year, will delayC. quinquecirrhablooms past a point when they can achieve their current

population levels, causing further reduction€nquinquecirrha

Regardless of the causes of decrea€inguinquecirrhaabundance, the effects of
this decrease on the rest of the ChesapBakéood web are clearC. quinquecirrhaare

the primary conwller of M. leidyi populations (Purcell & Cowan, 1995; Condon &
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Steinberg, 2008; Crum et al., 2014; this study), while increaddslgidyi reduce

copepod abundances throughout the Chesapeake Bay (Kimmel & Roman, 2004; Purcell
& Decker, 2005; this study)Additionally, decreases i@. quinquecirrhgpopulations,

starting in the late 1980s, led to increaselieidyi and decreases in copepod
abundances in the central portion of the Chesapeake Bay (Kimmel et al., 2012). Further
decreases i€. quinquearha populations may releadé. leidyi from predation pressure
throughout the summer, depleting copepod populatiQupepods are particularly

important forcommercial finfish represenig the major pathway for transfer of carbon

from phytoplankton to fifish, especially through theay anchovy @nchoa mitchill), an
abundant, zooplanktivorous fish that is a major prey item for higher trophicsigseies
(Kimmel et al., 2012).Thus,cascading effects down the food wegused by changes in

GZ abundancare potentially as disastrous as those seen in the Caspian and Black Seas
(reviewed in Costello et al., 2012), where the introductiod deidyi caused

commercial fisheries collapses through increased competition with finfish for crustacean
zooplankton pey and direct predation on ichthyoplankton (Oguz et al., 2008; Roohi et
al., 2010). However, in Chesapeake Bay, decreases in bottom DO may pisktiaahyi

from their prey and ameliorate the predation impact (Kolesar et al., 2010).
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5. SUMMARY AND CONCLUSION

Analysis of multidecadal datasetsdicateshatGZ populations in the
Chesapeake Bay vary on a seasonal and interanmeaicaldargely as a result of
patterns in salinity and temperature. The most abundant summer s@ecies,
quinquecirrka, is present yearound, butis most abundant in the summer when
temperaturesxceed20 °C and salinities range from 1@0. Other species also vary
seasonally, witlA. auritapresent July NovemberC. capillataDecembeii May, and
M. leidyiwith highest biovolumes JurieAugust. The presence and distribution of the
three scyphozoan medusa species is regulated by the temperature and salinity tolerances
of their benthic scyphistomae, with distribution of the medusae radiating from the asexual
reproducdbn hotspots. Overall. quinquecirrhabiovolumes are positively correlated
with spring salinities, and low DO concentrations during the spring reduce early summer
biovolume and delay the onset of the summer blobmleidyi biovolume and
distribution isprimarily controlled by predation b@. quinquecirrhaand increases ixl.
leidyi decrease the abundances of their primary prey, copepods.CTgtahquecirrha
biovolume has been decreasing from 182012, and these decreases have led to a long
termincrease irM. leidyiand decrease in copepods. Further decreasgs in
guinquecirrhapopulations, due to future increases in spring streamflow and increases in
early summer hypoxia, could continue to releasedmpn control ofM. leidyi, reducing
copepa abundances and increasing competition with commercially important fiafish

copepod preyn the Chesapeake Bay.
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Figure 1: Map of the sampling regions and depth strata for the Virginia Institute of
Marine Science Juvéa Fish and Blue Crab Trawl Survey (VIMS survey) in lower
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CHAPTER 3

Influence of top-down control in the plankton food web on vertical carbon flux: a
mesocosm study in the Chesapeake Bay
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ABSTRACT

The effect of predation on carbon export in planktonic food webs is poorly
known, but could play an important role in modulating the strength of the biological
pump. Carnivorous gelatinous zooplankton (GZ) dominate the zooplankton community
in Chesapeake Bay during summer months, exerting consideratalewapcontrol on
the planktmic food web. To examine the cascading effects of GZ blooms on the
plankton food web and particulate organic carbon (POC) flux, we conducted mudtiple 2
day mesocosm experiments in the York River tributary of Chesapeake Bay-in July
August, 2015. Mesocosnesntained a natural assemblage of phytoplankton,
microzooplankton, and copepods, and each treatment received additions of the
ctenophoreNInemiopsis leidyj the scyphozoan medusd#&hfysaora quinquecirrhg or
both M. leidyiandC. quinquecirrha Mean ¢earance rate of. quinquecirrhaon M.
leidyi was 32.1 L ind* h™*, andM. leidyion copepods was 1.9 L ifth™. There was no
significant difference between treatments in total POC or PON flux, and average POC
flux was 0.62 mg C dm™ across all gatments and experiments. However, presence of
M. leidyireduced the abundance of copepods, in turn significantly decreasing copepod
fecal pellet (FP) carbon flux compared to treatments withbueidyi by 50% (from 36
to 18ng C d* m3, or 6% to 3% ofotal POC flux). Total POC export fluxes were small
(<1%) compared t@reviously measured sedimentation rates in the Chesapeake Bay. But,
these topdown changes in copepod FP carbon fiua equivalent ta modest portion
(~10%) of previously calculated. quinquecirrhacarcass flux. Futurexperiments and
models of zooplankton contributions to vertical carbon flux should includddom

processes.
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1. INTRODUCTION

The relative importance of botteap vs. topdown control in food webs has been
examinecextensively in a wide variety of ecosystems, and trophic cascades initiated by
top-down control have been demonstrated repeatedly throughout terrestrial, aquatic, and
marine environmentsvicheli, 1999;Borer et al., 2005; Borer et al., 2006; Duffy et al.,
2007). The effects of tegown control and community composition on cycling of
organic matter and nutrients have been examined in terrestrial and freshwater ecosystems
(reviewed inBrett & Goldman, 1996yanni, 2002; Schmitz et al., 2010). For example,
presence of zooplanktivorous fish in freshwater systems reduce herbivorous crustacean
zooplankton, increasing phytoplankton biomass and changing composition of sediment
organic matter (SOM) (Attayde & Hansson, 2001; Allard et al., 2011). However, the top
down effects on SOM deposition have only recently been examined in marine
ecosystems. In a benthic marine system, the presence of the predator blue crab
(Callinectes sapidyseduced epiphyte grazers in seagrass beds, leading to increases in
epiphytes, dcreases in seagrass, and complex changes in sediment organic matter
amount and composition (Canuel et al., 2007; Spivak et al., 2007; Spivak et al., 2009).
However, there is a paucity of data on how-dapvn control affects cycling and export

of carbon ad nutrients in marine planktonic ecosystems.

Carnivorous gelatinous zooplankton (GZg(ecnidarians, ctenophores) are
conspicuous and effectivearineplanktonic predators that are known to initiate trophic
cascades (reviewed in Verity & Smetacek9@9West et al., 2009; Dinasquet et al.,
2012; McNamara et al., 2014). GZ are taxonomically diverse, but share two key

characteristics: alternation of generations between sexual and asexual reproduction and
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large, fastgrowing, gelatinous boes Theseraits allow them to reproduce extremely
rapidly under good environmental conditions (Purcell et al., 2005) and to be extremely
efficient predators (Acufia et al., 2011, Pitt et al., 2013). These advantages allow GZ to
exert topdown control during bloom#$ait can extend several trophic levels down

(Purcell & Decker, 2005; Compte et al., 2010).

In the Chesapeake Bay, phytoplankton biomass is highest during the spring, and
primary production increases to a peak during the summer months. This mismatch
between the peaks of phytoplankton biomass and production is caused by the high
grazing of crustacean zooplankton, primarily calanoid copewbis are more
abundant irthe late spring and summigan early springWhite & Roman, 1992;

Steinberg & Condon, 2009 This spring progression of bloomghytoplankton

followed by copepods is followed by two species @arnivoroussZ thatexertwide-
rangingtop-down controlthroughout the zooplankton food web in summer in

Chesapeake Bay: the lobate ctenopidnemigsis leidyiand the scyphozoan medusa
Chrysaora quinquecirrhgCargo & King, 1990).M. leidyiis present yearound

throughout the mesohaline and polyhaline regions of Chesapeake Bay and its tributaries,
but is most abundant from June through Octoberc@uet al., 2001; Purcell & Decker,

2005; Steinberg & Condon, 2009)1. leidyiis a voracious predator of crustacean
mesozooplankton and can exert high predation pressure on copepods, as well as
icthyoplankton duringM. leidyiblooms (Purcell et al., 199 Purcell & Roman, 1994;

Purcell et al, 2001; Condon & Steinberg, 2008).

In contrast tdVl. leidyi, C. quinquecirrhamedusae populations are greatly

reduced in the winter as they often do not survive temperatures belGwGatz et al.
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1973). C quinqueirrha overwinter as benthic polyps and begin to produce planktonic
medusae when water temperatures rise aboV€ 7 the late spring (Purcell & Decker,
2005). These medusae are present from May to October, but the highest abundances are
from July to Sptember (Purcell 1992)C. quinquecirrhdeed on a wide variety of meso

and macrozooplankton, and are the primary predatst. ¢¢idyi (Purcell & Cowan,

1995; Suchman et al., 1998). When presénguinquecirrhacan exert strong tegown

control ofM. leidyi and significantly reduce their populations (Purcell & Cowan, 1995).
This reduction oM. leidyiin turn releases their prey (primarily copepods) from predation
pressure, allowing the copepods to continue to have high summer abundances (Purcell &
Decker, 2005). This sets up a trophic cascade where years with higher abundance of
quinquecirrhahave lower abundance bf. leidyi and therefore highetbundancef
copepodsincreasing grazing on phytoplankton by copepoflse populations of the top
predator,C. quinquecirrhaare regulated by the timing of spring warming and rainfall,

with earlier warming and low rainfall (higher salinities) leading to years with higher
medusae abundances (Cargo & King 1990). Thus, changes in weather patterns (Purcel
& Decker, 2005) from year to yearayhave significant tojglown effects on the

Chesapeake Bay food web, and consequigmlyve hypothesizen vertical carbon and

nitrogen flux to the benthos.

GZ can affect vertical flux through a variety of mechanisnits éPal., 2008). At
the end of a bloom, sinking GZ carcasses provide a large, episodic pulse of carbon to the
benthos (Lebrato et al., 2013), but throughout the life of a bloom, GZ produce mucus
which may entrain phytoplankton and other particles, ogusito sink out of the water

column as a loose, sticky aggregate (Deason & Smayda, 1982). Additionall.both
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quinquecirrhaandM. leidyie ge st waste material as | oose,
which sinks more slowly and disintegrates more quithdén the compact fecal pellets

(FP) produced by copepods (Kremer, 1979; Alldredge & Gotschalk, 1988). Because of

the sinking speed and disintegration differences between thgr@lticed fecal material

and the copepogdroduced FP, the quality and overakiss flux to the benthos may

change depending on which species is dominant in the plankton. It is these interactions

between togdown effects and vertical flux that we explore in this study.

We hypothesized that increasegCinquinquecirrhanedusae dimg the summer
months will lead to tofmlown control and a resulting trophic cascade in wMcleidyi
abundance decreases, releasing copepods from predation pressure and leading to an
increase in POC and PON export in the form of copepod fecal pelletsieGely,
absence o€. quinquecirrhawill allow M. leidyito decrease the abundance of copepods,
decreasing predation pressure on phytoplankton and increasing the export of particulate
organic carbon and nitrogen (POC, PON) in the form of phytoplankfgregates. To
test this hypothesis, we conducted mesocosm experiments in the Chesapeake Bay with
four treatments of zooplankton communities: 1) natural copepod assemblage with no GZ,
2) natural assemblage plik leidyi, 3) natural assemblage plGs quirguecirrhg and 4)
natural assemblage plus bath leidyiandC. quinquecirrha By analyzing the changes
in zooplankton abundance, total PON and POC, fundflux from fecal pelletgor each

treatmentwe were able to examine tolewn controls on verticadarticle flux.
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2. METHODS

2.1 Mesocosm design

Mesocosm experiments were conducted in July and August, 2015 in a large,
cylindrical fiberglass tank (3.5 m tall, 3.66 m diameter) with a continuous supply of water
pumped from the York Rivéa tidal, backish estuary of the Chesapeake Bay. Water
flow was approximately 110 L niify thus the tank water was completely flushed every
~4.5 h, and temperature, salinity, and dissolved oxygen were equal to ambient conditions
in York Riversurface waters. Watepnditions for each experiment are listed in Table 1.
Within the tank, we placed four 1.8 mesocosms, each 1 m in diameter and 3 m long
witha 2 L, PVC cod end. The mesocosms were the same as those used in Cowan and
Houde (1990), with the top 2 mibg cylindrical and cosisting of 2.2 0z Dacron sail
cloth with an average mesh aperture of ~25
constructed of 53 em Nitex mesh. Two 6 mm
of the central portion to keep it from collapsing, and lsislere attached to the cod end
to keep it positioned upright and at the bottom of the mesocosm. The top of the
mesocosm was placed above the surface of the water and open to allow sunlight to enter.
These mesocosms allowed free exchange of water, almosdiate response to changes
in the surrounding temperature, salinity, and dissolved oxygen, and retention of

zooplankton (de Lafontaine and Leggett, 1987).
2.2 Experimental procedure

Mesocosms were filled by diffusion of water through the mesh, withadl sm

amount (~100 L) of water entering through the top to allow large phytoplankton to
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colonize the mesocosm. Each experiment was conducted over ~2 days using 4
mesocosms per experiment. Animals were collected from the York River the same day
as the stamvf each experiment, withl. leidyiandC. quinquecirrhecollected by gently

dip netting from the surface, and copepods collected using @ihmeter zooplankton

net with 200 C¢fiberingneod énd. aAlh descgaosmsdinst received a

natural copepod assemblage (primafibartia tonsacopepods), coaining copepod

numbers comparable to those naturally found in the York River during peak abundances
(6.57 11 L") (Condon and Steinberg, 2008). Copepods were added first and allowed to
disperse through the mesocosm before any GZ were added. One meaiscosoeived

10 Mnemiopsis leidyione received Chrysaora quinquecirrhaand the last mesocosm
received both 1M. leidyiand 1C. quinquecirrha These abundances . leidyiandC.
quinquecirrhaare also similar ttheir natural abundances in the kdRiver during the
summer.For some experimen(. quinquecirrhavere unavailable; in these

experiments, two mesocosms were used as the copaypdontrols and two as

replicateM. leidyitreatments. One additional pilot experiment was conducted wn Jul
22-25, and while the GZ used were healthy, the copepods used in the experiments did not
survive for unknown reasons and only the resultS.ajuinquecirrhagrazing onM.

leidyi are included from that study.

At the start and end of each experimentnggl temperature, and dissolved
oxygen were measured in the center of the tank usigl &XO Sonde. Chlorophyl
concentrations were collected from the NOAA data buoy YRK005.40 (37.24728 °N,
76.49937 °W, www.ndbc.noaa.gov). Over the course of therewrent, sinking material

in the mesocosm was funneled into the cod end. At the end of each experiment, the mesh

85



immediately above the cod end was cinched off to prevent exchange of material back into
the mesocosm. The cod end was then brought to tfecsuremoved, capped, and an

empty cod end was put in its place. After the new cod end was in place, the entire
mesocosm was lifted from the water, allowing copepods and other mesozooplankton, GZ,
and other contents that were suspended in the water matudrain into the cod end. GZ
were first quickly removed to prevent continued feeding on copepods, and the remainder
of the cod end contents saved for subsequent analysis. Remaining GZ and copepods
were also checked for swimming activity to ensure these still alive and active.

Clearance rate (C) @Z predators on their prayas calculated from the formula:

Equation1l: C=(V/(nxt))*In(R/P)

Where V = volume of experimental container (1832 L), n = number of pred&tors (
quinquecirrhaor M. leidyi), t = time of the experimem hours Po= number of prey
(copepods oM. leidyi) at start of the experiment, ang=Phumber of prey at the end of

the experiment.

2.3 Analyses of sinking particles and mesocosm contents

Cod ends containing eth sedimented particles (hereafter particulate organic
matter; POM) or live zooplankton plus other suspended mesocosm material were
returned to the laboratory, and stored at 4 °C until analysis, within 24 h.alGnal
length M. leidyi), diameter C. qunquecirrhg, and biovolume (both) were measured for
each surviving GZ (i.e., uneatéh leidyi, there was no natural death of either GZ
species in our 2 day experiments, with GZ actively swimming at the end of experiments).

Copepods and other mesozoodam were preserved in 4% formalin and counted under
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a dissecting microscope. Sedimented POM was split into two fractions, one for

elemental analysis and the other for visual analysis of particle type.

The fraction of POM used for elemental analysis fltesed through a 158m
sieve to remove copepods and other mesozooplankton, and then filtered through a pre
combusted, praveighed, 0.7 pore, glass microfiber (GF/F) filtesome ofthe
copepodghat were removeffom this fractionmay have includedopepod carcasses that
sankout of the water columrand would thus be included as particle export. However,
whether these copepods died as a result of interactions with GZ or other causes could not
be determinedand thugheywere not includeds POM exportFilters were thenlaced
in a 60 °C drying oven for at least 7 d. After drying, filters wereegghed to obtain
bulk dry weight of POM, and then analyzed for particulate organic carbon and nitrogen

(POC and PON) using an Exeter Elemental Analyzer CE440.

The fraction of edimented POM used for analysis of particle type was preserved
in 4% formalin, with fecal pellets (FP) quantified using a dissecting microscope3&t 16
magnification. At least 50 copepod FP were measured for each mesocosm using CellSens
1.13 software to etermine an average volume per FP, and total volume of pellets per
mesocosm calculated. To calculate total FP carbon, we used two methods and averaged
the results of each approach for each mesocosm: we applied a volume to carbon
conversion factor foAcartia tonsaFP of 0.34 pg @m™ using our calculated mean FP
volume (Hansen et al., 1999), and we also multiplied the total number of FP by 17.7 ng C

pellet* (Saba et al., 2011).

2.4 Statistical analysis
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Both ttests and onevay ANOVAS were used to tesifi@rences in mass flux and
FP POC and PON flux between treatments. When appropriate, results from each
treatment were averaged between experiments and compared-tesitsgand ANOVAs.

Statistical analyses were done using Sigma Plot 11 software.
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3.RESULTS

3.1Experimental conditions

While average temperature (27.28.6 °C) and salinity (20.020.7) were
similar between experiments conducted on different days, both dissolved oxygen (2.5
6.29 mg/L) and chlorophyHl (6.77 20.3ng/L) varied considerably between experiments

(Table 1)
3.2Clearance rates

The clearance rate M. leidyion copepods was calculated from all experiments,
and averaged 1.9 L intlh™ (+ 0.7 SE) including experiment 2 where no predation on
copepods ws observed (Figure 1A). The clearance raté.afuinquecirrhaon
copepods was negligible, with no feeding occurring inGhgquinquecirrhaonly
treatments in experiments 1 and 2. The clearance r&tequfinquecirrhaconsumingM\.
leidyi was also calalated from experiments 1, 2, and the pilot study and averaged 32.1 L

ind.* h* (+ 13.9) (Figure 1B).
3.3 Particulate organic carbon and nitrogen flux

Overall, there was no significant difference in total POC (ANOVA, p = 0.87) or
PON (ANOVA, p = 0.77¥lux between treatments, and no treatments were significantly
different from each other for POC or P@N a percentage of the contfdNOVA, p =
0.70 and 0.66, respectively) when flux was calculated as a percentage of the flux in
controls (Figure 2). Fkiof POC and PON ranged from 0i3902 mg C day m™ and

0.040.17 mg N day m™, respectively (Table 2). The C:N ratios of sinking POM were
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more similar between treatments within an experiment than between experiments

(ranging from an average of 5.5@érperiment 1 to 9.7 in experiment 2).
3.4Fecal pellet flux

Flux of Acartia tonsafecal pellets (Fig. 3) ranged from 0i38.1 mg C day m>
(Table 2), and was lower in thé. leidyitreatments than controls in both experiments 3
and 4, but there was mignificant differenc ANOVA, p > 0.05)in FP POC flux
between treatments for experiments 1 and 2 (Table 2; see also Fig. 4). Small copepod FP
(from A. tonsa were present in all mesocosms, and large crustace¢fid-RB)were
present in about half dfie mesocosms. PCm large fecal pellets, when prege
varied from 1.7173ng C day* m™ (equivalent td8i 1300% ofA. tonsafecalpellet O,
buttheabsencef large fecal pelletfom 6 mesocosnihirough all experimentand high
variability preventd comparisons between treatments or experiments to be conducted. In
all treatments and controfgcartia tonsafecal pellets made up a small proportion (<1 to
8.6%) of the exported material (Table 2), with other larger fecal péllets39%)and
phyto-detritus (Fig. 3) or unidentified aggregates constituting the &er combining
the results of experiments 3 and 4, FP carbon was significantly lotesst,(p = 0.003) in
M. leidyitreatments (18.6gy C day* m™) than in the controls (36riy C day* m™), and
was equivalent to a 50% decrease in FP POC flux overdag 2xperiments. Small FP
carbon was about 20 times higher in all of the treatments and controls for experiments 3

and 4 than for eperiments 1 and 2 (Table 2).
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4. DISCUSSION

4.1 Clearance rates

Clearance rates in our study were similar to those previously reported. Average
clearance rate . quinquecirrhaeedingon M. leidyi(32.1 L ind.* h'*) was similar to
that reportedy Purcell and Cowan (1995) for experiments conducted ina 1 m
mesocosm (29.2 L ind.h™) but less than reported for a 3.2 mesocosm (69.1 L ind.
h1). Average clearance rate Mf leidyifeedingon copepods (1.9 L ind.h™) was
similar to eyeriments using large container sizes reviewed in Purcell et al. (2001) (1.9
and 2.2 L ind* h") as well as in Purcell and Decker (2005) {2.8 L ind.™ h™* for
ctenophores 353 mm).M. leidyiclearance rate of copepods was higher than those
reportel in Madsen and Riisgard (2010) (@2 L ind.*h%) and Mazlum and Syhan
(2007) (0.181.25 L ind.* h'™"), although those studies used smaller ctenophores and
smaller containers, respectively. Low DO concentrations do not &ffegtinquecirrha
or M. leidyi clearance rate of copepods (Breitburg et al., 1997; Kolesar et al., 2010)
therefordow DO in experiment 2 likely did natlterfeeding rateswhile copepod
clearance rates were not measured in these experiments, grazing on phytophaykton
bereduced in treatments witk. leidyi present, as the presenceMbfleidyi significantly
reduces the number of grazing copepods. Thus, the trophic cascade catsed by
guinquecirrhacould extend down to the level of primary producers, reducing

phytoplanktorconcentrations whe@. quinquecirrhaare present.

4.2 Effect of trophic cascades on export
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A trophic cascade initiated §y. quinquecirrhavas observed copepod
abundancesand this topdown control led to changes in POC flux. A decreage in
tonsacopepod fecal pellet POC flux occurred in treatments contaMingidyi
ctenophores, which we interpret as consumption of copepods leading to their reduced
abundance and subsequent reduced overall copepod grazing and fecal pellet production
(Fig. 5). Ths suggests a reductionAn tonsaFP flux could occum situduring the
summer months wheM. leidyiis present. Usintherates determined in our study and
known abundances of copepods and GZ, weestimatehe effects GZ presence would
have orA. tonsaFP flux intheChesapeake Bay. Typicall@, quinquecirrhaare
abundant in the Chesapeake Bay from early July to late September, and exert high
predation orM. leidyiduring those three months (Condon and Steinberg, 2008; Stone et
al., in prep.). Coppod densities can reach up to 20,000imChesapeake Bay, and are
significantly reduced by the presencevbfleidyi (Purcell and Decker, 2005; Condon and
Steinberg, 2008). To estimate the change iEE flux caused b¥. quinquecirrha
over the sumnremonths we can multiplyA. tonsaFP production(C m®day’) measured
by this experiment in both the average control and avéviadgidyionly treatments by
the average depth of the Chesapeake Bay (6.4 m) and 90 days. In this séetamsg
FP prodiction would increase from 10.4 to 20.8 mg C.nThis estimate is conservative,
as the short duration (2 d) of the experiments mdhrisidyi predation on copepods is
likely an underestimateThis 10.4 mg C Mincrease over three months represents a
modest portion (3%) of the 357 mg C?rotal POC flux measured by this study over the
same depth and time period. However, these fluxes are over two orders of magnitude

lowerthan those reported from other studies that measured total POC flux to thesbenth
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in the Chesapeake Bay using sediment trapé ¢ C nmi%, Boynton et al., 1993%6.8g C
m?, Roden et al., 1995) and a deposition model (45.9 ¢¢CHagy et al., 2005or the
same 3 months (July, August, and Septemb¥éfhile the presence ®. leidyi has an
appreciable effect oA. tonsaabundances and FP flux, this represents only a small
portion of overalsummercarbon flux in the Chesapeake Bayowever, the final fate of
copepod FP may differ greatly from that of phytodetritus, and futurangsshould

examine how decomposition, burial, and consumption of these flux components differs.

In addition to topdown effects, GZ may also influence phytoplankton through
bottomup processes. There were no significant differences in total POC anduON f
between treatments containing GZ and those that did not, and this is most likely due to
the high abundance of aggregates of phytodetritus which made up the majority of the flux
in all treatments. In our experiments, whie leidyionly treatments haldwer FP flux,
this reduction in FP POC flux may be offset by higher GZ mucus production or higher
phytoplankton aggregate flux (due to decreased copepod grazing), although we were
unable to quantify this. In other systems, GZ have been shown to ajteplainkton
composition and abundance both throughdomn control of phytoplankton grazers
(Compte et al., 2010; Dinasquet et al., 2012) and stimulating growth through the release
of nutrients (Pitt et al., 2009; West et al., 2009; Hosia et al., 201MaMara et al.,

2014) although this bottomp effect is dependent on the extent of nutrient limitation in
the system. While this experiment was not designed to measure GZ effects on
phytoplankton growth, it is possible that the presence of dilhé&idyior C.
quinquecirrhawould increase phytoplankton production through the release of dissolved

nutrients via excretion, although these nutrients may be shunted into the microbial loop
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for use in bacterioplankton metabolism (Condon et al., 2011). DuriogislofM.

leidyi, this bottoraup process would be additive with the4@@wn control of

mesozooplankton grazers such as copepods, further increasing phytoplankton production.
However, during blooms &. quinquecirrhahe bottoraup and topdown effects on
phytoplankton production would counteract each other. These bafieffects would

explain the lack of differences seen between treatments in the overadilfhoygh

excretion of DON and DOP by GZ was estimated to support < 4% of primary production
in the Chesapeake Bay (@ion et al., 2010)Even large blooms of GZ would only

excrete enough dissolved inorganic Nstpport a small portion (3%) of microplankton

production in the Chesapeake Bay (Nemazie et al., 1993).

While changes in carbon flux die top-down control were relatively small, one
of the primary pathways GZ can contribute to flux is through the sinking of dead GZ as
carcasses, which has been shown to represent a substantial, seasonal carbon pulse in the
deep sea (Lebrato et al. 2013exton et al. (2010) found that as temperatures cool in
October and November in the Chesapeake Baguinquecirrhamedusae pulse more
slowly, and sink to the bottom before waters are too cold to survive. This, combined with
their lack of significant prators, means that the majority®f quinquecirrhabiomass
produced during the summer returns to the benthos at a rate over 100 fig€ m
(Sexton et al. 2010). However, becalkdeidyictenophores can better survive winter
water temperatures ihé Chesapeake Bay and quickly disintegrate upon death, it is
unlikely that their carcasses reach the benthos. Thus, the preséhapiofquecirrha
not onlyincreases copepod FP, but also shifts carbon away from thesimking M.

leidyi carcasses. Thwarcass carbon flux &. quinquecirrhaat the end of the year is 10
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times higher than our estimated increase in flux due taldoyn effects ofC.
quinquecirrhapresence over the summer, although thesfaitéhese twacarbonsources

(GZ carcass vs. coped FP) may be very different ontteey reactthe benthosr reach

the benthos at different rates
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5. SUMMARY AND CONCLUSION

We observed the hypothesized trophic cascade gtiinquecirrhgoreying onM.
leidyi andM. leidyi preying on copepods, aitclearance rates similar to previously
published values. While there wassignificantchange in total POC or PON flux
between treatments, the compasitiof the flux did change, withigher flux ofA. tonsa
FP in the controls versus treatments withextd. leidyiin half of the experimenitsThe
presence oM. leidyireduced this FP flux by 50% over the course of the experiments,
and weestimate thathis decrease in flux would lower FP deposition in the Chesapeake
Bay by~10 mg C n over the coursefdhe summer. While summer FP flux is
extremely small compared to published values for satedmerPOC flux in the
Chesapeake Bay, there may be differences in the fate of FP versus phytodetritus and their
effect on benthic processes. Additionally, the-down changes in carbon flux
controlled byC. quinguecirrhas an appreciable portion of estimateofquinquecirrha

carcass carbon flux for the entire year.

Top-down control in vertical carbon flux should be considered in experimental or
modeling stidies examining the role of plankton food webs in the biological pump. As
similarly shown in freshwater pelagiBrett & Goldman, 1996yanni et al., 2002; Allard
et al., 2011) and marine systerMicheli, 1999;Spivak et al., 2009), tedown control
cansignificantly affect the composition of vertical POC flux in marine pelagic system
This study only examirteone coastal estuary, and carnivorousr@y exert topdown
control in a wide variety of ecosystembere they bloonmcluding the Black and
Caspan Seas (Daskalov et al., 2007; reviewed in Costello et al., 2012), coastal Australia

(West et al., 2009), Mediterranean marshes (Compte et al., 2010), Baltic Sea (Dinasquet
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et al., 2012), the Benguela Current (Roux et al., 2013), Bering Sea (Brodeu2@08a),
Northern California Current (Suchman et al., 2008), and numerous others (reviewed in
Purcell & Arai, 2001; Purcell, 2005 urthermore carnivorousGZ can be highly

abundant in thenesopelagizone(Robison et al., 1998; Silguero & Robison, 2))00

where theitop-down controlmayultimately affect sinkingarticle attenuation and thus
efficiency of POC export to depthin each of these ecosystems, GZ have the potential to
regulate multiple aspects of vertical carbon flux and could haskataely stronger

effect in regions more nutrietitnited than the Chesapeake Bay.
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Table 1: Mesocosm experimental set up and conditions. Dates, average environmental

data, and treatments with replicates (n) listed for each experiment. Temperature,

salinity, dissolved oxygn, and pH were all measured within the tank using an EXO

Sonde. Chlorophyk data were collected from the NOAA data buoy YRK005.40.
6Copesd = copepods and ot her khemiopgioopl ankt
leidyii 6 Chr y s Ghrysaormmguohquescia. *Note, only data fotreatment+

Mnem, + Chrysare included in our analyses for Pilot study (see text).

Experiment Pilot* 1 2 3 4
Dates (2015) 22-25 Jul. | 3-5 Aug. | 6-8 Aug. | 1820 Aug. | 1-3 Sept.
Duration (h) 71 40 48 45 43
Treatments:
copes onlycontrol) n=1 n=1 n=1 n=2 n=2
+ Mnem n=1 n=1 n=1 n=2 n=2
+ Chrys n=1 n=1 n=1
+ Mnem, + Chrys n=1 n=1 n=1
Temperature (°C) 29.1 28.6 28.5 27.7 27.4
Salinity 19.9 20.0 20.2 20.7 20.6
Dissolved Oxygen (mg/L) 6.8 4.4 2.5 6.3 4.4
pH 7.60 7.51 7.37 7.98 7.49
Chla( e g/ L) 11.2 20.3 8.9 12.5 6.7
MeanM. leidyilength 26.9 49.0 53.1 34.7 35.9

(oralaboral, mm)




Table 2: Comparison of exported particulate organic matter in mesocosms. Particulate
organic carbon (POC) flux, particulate organic nitrogen (PON) flashan to nitrogen

ratio (C:N), andA. tonsafecal pellet (FP) carbon for each experiment and treatment.
0Copesd6 = copepods and ot her Nrewmopzsioopl|l ankt
leidyii 6 Chr y s Ghrysaormmguohqueciarha.

Experiment| Treatment| POCflux | PON Flux | C:N | A.tonsaFP PercentA.
(mgC (mg N (g C day | tonsaFP of
day' m?®) | day'm?) I'm?) total POC flux

Copes only

1 0.55 0.09 5.9 2.76 0.50
(control)

1 + Mnem 0.46 0.08 5.5 0.55 0.12

1 + Chrys 0.39 0.08 4.9 0.79 0.20
+ Mnem, +

1 0.62 0.11 5.7 0.70 0.11
Chrys
Copes only

2 0.49 0.05 9.2 0.9 0.18
(control)

2 + Mnem 0.61 0.07 8.9 1.09 0.18

2 + Chrys 0.98 0.09 10 0.93 0.09
+ Mnem, +

2 0.47 0.04 11 0.87 0.19
Chrys
Copes only

3 0.68 0.11 6.1 40.1 5.90
(control) 1
Copes only

3 0.48 0.08 6.1 41.1 8.56
(control) 2

3 + Mnem 1 1.02 0.17 6.0 17.0 1.67
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Table 2: Continued

Experiment| Treatment | POC flux | PON Flux | C:N | A.tonsaFP PercentA.
(mg C (mg N (ng C day* | tonsaFP of
day' m?®) | day'm?) m?) total POC flux

3 + Mnem 2 0.40 0.07 6.3 214 5.35
Copes only

4 0.74 0.11 6.5 30.1 4.07
(control) 1
Copes only

4 0.64 0.10 6.3 33.0 5.16
(control) 2

4 + Mnem 1 0.55 0.09 6.3 10.7 1.95

4 + Mnem 2 0.90 0.15 6.1 231 2.57
All
controls

Average 0.62 0.09 6.9 14.1 2.30

and
treatments
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Figure 1: Clearance rates (L indh™) of A) copepods b. leidyiand B)M. leidyiby C. quinquecirrhan each of four mesocosm
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Figure 2: Total particulate organic carbon flux per day averaged for each treatment. Control (n=6) and Mnem treatments (n=6) are
averaged from experiments 1, 2, 3, and 4; Chrys (n=2) and Mr@éhnys (n=2) treatments are averaged from experiments 3 and 4.
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Figure 3: Examples of mesocosm sinking material, including small fecal pellets Acartia tonsacopepodsa large fecal pellet
from acrustaceai(likely larger copepod or decapo@ndphytgplankton detritus
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Figure 5: Conceptual diagram of ¢htopdown effects ofChrysaora quinquecirrhan

the relative abundances of taxa and strength of carbon transfer for the summer
Chesapeake Bay ecosystem wherCAjjuinquecirrhamedusae are absent and®)
guinquecirrhaare present. Relative size of taxid number of images represents the
relative abundance of each category, and relative size of arrows represents strength of
carbon transfer between categories.
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CHAPTER 4

Long-term time-series study of salp population dynamics in the Sargasso Sea

This chapter published in the jourdbrine Ecology Progress Serias:

Stone JP, Steinberg DK (2014) Loeteym timeseries study of salp population dynamics
in the Sargasso Sea. Mar Ecol Prog Ser 510:1P%1 doi: 10.3354/meps10985
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ABSTRACT

Salps are blooAorming, pelagic tunicates with high grazing rates on
phytoplanktonwith the potential to greatly increase vertical particle flux through rapidly
sinking fecal pelletddowever, the frequency and causes of salp blooms are not well
known. We quantified salpfom day and night zooplankton net tows in the epipelagic
zone of the North Atlantic subtropicgyre as part of the Bermuda Atlantic Tiseries
Study (BATS). Salp species and size were quantifidgdweekly to monthly tows from
April 1994 to November 2011. Twerbyne species of salpecurred at the BATS site
over this time period, and the most common bldorming salps wer&halia
democraticaSalpafusiforimis Weelia(Salpg cylindrica, Cyclosalpapolag andlasis
zonaria Five speies of salps exhibited diel vertical migration, and salp abundances
varied seasonallyyith T. democraticaS. fusiformisandC. polaeblooms coincident
with the spring phytoplanktobloom, andW. cylindricablooms occurring more often in
late summer. Rol. democraticamean annual biomass increased slightly over the time
series and was elevated every 3 yr, biodnass increased in the presence of cyclonic
mesoscale eddies. Decadal climate oscillationd@&gkeochemical conditions influenced
multi-yeartrends in salp abundance and biomass. Bu#l salp and’. democratica
abundance were positively correlated with primary production, $atplbiomass was
positively correlated with the North Pacific Gyre Oscillation, @andemocratica
biomass was negaely correlated with the Pacific Decadal Oscillation. These salp bloom
dynamicshave important implications for planktonic food web interactions and

biogeochemical cycling.
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1. INTRODUCTION

Salps are gelatinous, planktonic tunicates with a life histtieynating
between sexual and asexual stages, which enables them to rapidly replicate, forming high
density blooms when conditions are favorable (Godeaux, 4198I8). Salps are known
to form | arge bl ooms in many theSggassmSa of t h
(Madin et al, 1996 Madin et al, 2001, Roman et aJ.2002), Mediterranean Sea évhard
et al, 1994), Southern Ocean (Atkinsenal.,2004 Loeb & Santora2012), western
Tasman Sea (Everett et,&011), southwestern Atlantic (Daporteal, 2011), and
Hauraki Gulf (Zeldis et al1995). Salps can feed efficiently on small phytoplankton and
bacteria (Bone et a003), have some of the highest clearance rates of any zooplankton
up to several liters hsalp® (Harbison & McAlister 1979 Madin & Purcel| 1992
Madin & Kremer 1995), and can consume over 100% of the daily primary production
(PP)(Hereu et al.2006). These high clearance rates contribute to salps producing large,
fastsinking fecal pellets (Caron et @989 Sutheland et al.2010b), with sinkingates
ranging from 42 to 2700 ni'{Anders@, 1998 Yoon et al, 2001, Phillips et al, 2009).
Because of their high fecal pellet production rates, salp blooms have a significant effect
on particle export (Madin982 Caron et al.1989). This, coupled with sinking of dead
carcasses (Lebra® Jones2009 Henschke et 312013 Lebrato et al.2013), represents
an efficient and fast pathway for organic matter in the surface waters to move to depth.
During a salp bloomsalps can thus be major contributors to the total carbon flux from
the surface to the deep sea, as demonstrated in the Mediterranean Sea (Y0D90&t al.
Fernex et a.1996), Sargasso Sea (Conte et2801), Southern Ocean (Phillips et al.

2009),and Tasman Sea (Henschke et2013).



Salp populations are sensitive to interannual or lotgyen changes in the
environment (Ménard et all994 Licandro et al.2006). A longterm decrease in
pelagic tunicates, particularly salps, in the Califar@urrent is attributed to a lostgrm
increase in water column density stratification, which has weakened the eddy kinetics of
the region as well as the southward flow of water and the seeding populations of salps
within it (Lavaniegos & Ohmar2007). Sk populations in some regions of the
Southern Ocean have been increasing in abundance and expanding their range (Atkinson
et al, 2004) as a result of loAgrm warming and decreases in sea ice (Vaughan et al.
2003 Stammerjohn et gl2012). Variabiliy in the Southern Ocean Antarctic
Circumpolar Current Front causes fluctuations in salp abundance off the western
Antarctic Peninsula (Loeb et a22010). Ménard et al. (1994) and Sutherland et al.
(2010a) found salp abundance in the Mediterranean Séaatkin response to increases
in temperature and stratification of the water column, which decreased mixing of
nutrients to the surface aRP. Likewise, salp, doliolid, and pyrosome abundance in the
South China Sea increased with an increase in chlgiiaplchl a) concentratiorcaused
by coastal upwelling and injection of nutrients intwface waters by coldore eddies in
the summer (Li et 812011). While previous studies help us to understand salp
population dynamics in coastal upwelling and amertal shelf regions, very little is
known about how salps respond to environmental changes in the open ocean.

The Sargasso Sea is an oligotrophic, epegan region of the western North
Atlantic subtropical gyre, with patterns in the biogeochemistri@tégion influenced
by physical forcing with ties to decaewdale climate oscillations (Saba et 201Q

AlvarezGarcia et a).2011 Wu et al, 2011). Longterm changes in regional
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biogeochemistry of the Sargasso Sea have been documented, inclndimggease in net
primary productivity correlated with the North Atlantic OscillatidAO) (Saba eal.,

2010), increases in both shallavater particulate organic carbon export and mesopelagic
zone patrticle attenuation in the wintgring period (Lomast al, 2010), and an increase
in epipelagic mesozooplankton biomass (Steinberg,&Gdl2). Mesoscale eddies are an
important physical feature in the Sargasso Sea also affecting ecosystem structure and
biogeockemical cycling. Cyclonic (coldore) eddes are an important periodic source of
nutrient injection into the euphotic zone stimulating rAA(McGillicuddy et al, 1998,
2007) leading to changes in zooplankton community structure (Eden 2088) as well

as an increase in mesozooplankton bissnanhanced fecal pellet flux, and increased
carbon export by diel vertical migratigpVM) (Goldthwait & Steinberg2008). The

goals of this study are to examine seasonal, interannual, and decadal patterns in the
abundance of salp species in the Sam&esa and to determine what physical or

biogeochemical conditions lead to these patterns.



2. METHODS

2.1 Salp collection

Meszooplankton were collected as part of the Bermuda Atlantic-3@nes
Study (BATS) in the oligotrophic North Atlantic subtiogl gyre (324 0 6 N°1 0 6 W)
(Madin et al, 2001, Steinberg et al2012). We identified and enumerated salps from 17
yr of the time series. Overall, 776 tows were analyzed from 238 cruises starting on April
6, 1994 and ending November 11, 2011. Mesplamkton tows were conducted using a
net with a 0.8 x 1.2n rectangular mouth and 2@® mesh, with replicate, double
oblique tows made during day (09-15.00 h) and night (200-02:00 h) each month
(May-January) or biweekly (FebruaApril) (Madin et al, 2001; Steinberg et al2012).
Targeted net depth was between 480200m, and atual depthwasrecorded using a
Vemco Minilog recorder with the exception of the first year, when depth was estimated
by wire out and wire angle. Volume filtered was measured using a General Oceanics
flowmeter. Tow contents were immediately split onrdogith one haHsplit size-
fractionated for total mesozooplankton biomass measurements, and the otbplithalf
preserved in 4% buffered formaldehyde for taxonomic analysis (Madin 20@al;
Steinberg et al2012).
2.2 Salp enumeration and biomassletermination

Salps were analyzed from archived, preserved samples using an Olym{i$ SZ
dissecting microscope at®x magnification under dark and bright field illumination.
Salps from the entire hadplit or quartessplit were identified to speciesxdenumerated,
and the orahtrial length of eackalp wasneasured. Samples in which small salps (e.g.

Thalia democraticawere very abundant (>2000 salps per tow) were subsampled using a
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10 ml Stempel pipette (2&n in diameter) after removal of arardie salps, and at least
40 individuals were measured to determine average length. This subsample was analyzed
for small salps, and large salps were counted separately. Individual salp length was
measured as the orafrial distance using an ocular mioreter, and these lengths were
used in published salp live length to carbon weight regression equations for each species
to calculate salp carbon biomass (see Table 5.3 in Madin & D&##8, and references
therein). Total length of salps preserved imfaldehyde has been shown to decrease
over time (Heron et gl1988 Nishikawa & Terazakil996). However, because this
animal shrinkage is minimal and our preservation times vasiedlid not correct salp
length:thus our carbon biomass estimates magdeservative. Salp data are presented
as total salpT. democraticaSalpafusiformis Weelia(Salpg cylindrica, or Cyclosalpa
polaeabundance (indn®) or carbon biomass (mg Cn
2.3Comparison to environmental parameters and data analysis

We exanmed potential environmental and climatological parameters influencing
salp species abundance and biomass. For these analyses, salp biomass data for total salps
and the4 most abundant species on each sampling date were averaged between replicate
tows andhen between night and day. Average biomass for each sampling date was then
compared to environmental data extracted from the BATS website (http://bats.bios.edu/)
including sessurface temperature (SyTvater potential density, chlintegrated to 140
m, andPPintegrated to 14@n (Knap et al.1997;Steinberg et al2001). The water
column stratification index (WCSI) was calculated as the difference in potential density
between the surface and 200(Steinberg et 812012). Salp abundance was conggkto

the 12mo, centered moving average of the NAO
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(www.cpc.noaa.gov/products/precip/CWIlink/pna/nao/shtml), Multivariate El Nifio
Southern Oscillation (MEI) (www. esrl.noaa.gov/psd/people/klaus.wolter/MEI/), North
Pacific Gyre Oscillation (NPGOht(tp://leros/eas/gatech/edu/npgo/), and Pacific Decadal
Oscillation (PDO) (http://jisao.washington/edu/pdaficesas described in Steinberg et

al. (2012). Salp biomass anomaly was calculated for each month using the following

formula:
o O€& Q=
ol

where! is the average biomass for year/momthand! is the climatological median
for calendar month Annual biomass anomalies were then calculated as the average of
I aefor each yearSteinberg et al2012), and inkuded total salpsl. democraticaS.
fusiformis and total salps minuk democraticandS. fusiformis

The Spearman rank correlation coefficient was used to compare salp abundance
and biomass with environmental parameters, climate indices, and daia\tpe
seasonal and lorgrm changes. Monthly time series from April 1994 to November
2011 were constructed, with one observation per month, by averaging within months that
contained more than one observation. Months with missing data3rout of 22) were
assigned the median measured value of that calendar month, and the smaltesb non
observation for each species was added to all observations to eliminate zeroes. -The time
series data were then natul@gd transformed. After constructing ttime series, each
species and environmental dataset was decosdgoso its longterm trend (12no
moving average), seasonal component (average of each calendar month after removing
the longterm trend), and noise component (the remainder after removingheolong

term trend and seasonal component) usingitheseries(ts) anddecomposéunctions in
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R 2.13.0. The Spearman rank correlation coefficients were then calculated by comparing
the extracted longerm trends of each variable, and the effeatiegrees of freedom used
in calculating significance were adped for autocorrelation using @) in Pyper&
Peterman (1998). In order to better examine the synergistic effects of different
environmental variables on salp populations, correlationsasbsal and longerm
trends were also compared using principal component analysis (PCA) in JMP 11.0.0.
Bloom seasonality was analyzed by comparing the median bloom frequency b2tween
seasonal periods within the year (e.g. February and March vs. thd 0thenths of the
year), andDVM was analyzed by comparing day and night salp abundance, both using
the MannWhitney Rank Sum Test.
2.4Mesoscale eddies

To examine the role that mesoscale eddies play in salp population dynamics,
mesoscale eddy data iaw form weredownloaded from the Cooperative Institute for
Oceanographic Satellite Studies website (http://cioss.coas.oregonstate.edu/eddies/)
(Chelton et aJ.2011). This information included weekly eddy locations, rotation
direction, amplitude, radiugnd rotation speed. Using ESRI ArcGIS (version 10.0), we
then determined which eddies were present at the BATS sampling location during tow
sampling events. Only eddies with a total lifespan ok&mwmore were used. As eddy
location was only given wééy, any eddy that overlapped the BATS sampling site within
110% of its circumference (our own estimate to include any eddg effect) withiré
days of the sampling date was considered present at the time of BATS sampling. The
effect of eddy type and psence on salp biomass was evaluated using an ANOVA on

ranks, the BonferrorDunn test was used for pairwise comparisons, and correlation
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between salp biomass and edgheed, amplitude, and radius weedculated using the
Spearman rank correlation coefént.
Additionally, eddy presence data was obtained from Mou@é&doallido (2009),
who determined eddy presence and type from 1993 to 2002 using both satellite altimetry
and BATS hydrographic profiles. Mourif@arballido (2009) categorized eddy infleen
on the BATS site as cyclonic, anticyclonic, meaater, none, or the frontal region
between cyclonic and anticylconic eddies. For the purposes of our studywatsite
and anticyclonic eddies were combined into
regions were delineated as no eddy present. A separate analysis was completed with
these categorizations over the shorter time period, using an ANOVA on ranks to

determine eddy influence on salp biomass.
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3. RESULTS

3.1Species composition and seasonalit

In total, 21 species of salps were identified in the time seriesTidha
democraticaSalpa fusiformisWeelia(Salpg cylindrica, andCyclosalpa poladeing the
most common species (present in tows from 77, 61, 21, and 16% of the 238 monthly
cruises, respectively) (Fig. 1, Table 1Thalia democraticavas the most abundant salp
species and had the highest biomass, with average abundance across all samples of the
time series in day and night tows of 3.31 and 1.90rmY respectively, and biomas$
40.8 and 30.2gy C m*, respectively. This was considerably higher than the secmrsd
abundant and highest biomass spe@e#usiformiswith anaverage abundance in day
and night tows of 1.86 x 10and 2.56 x 18ind. m™, respectively, and biomass of 0.21
(day) and 3.39 (nightjrg C m® (Table 1). Total salp abundance and biomass was
influenced mainly by. democraticaalthough the other 20 species contributed relatively
more to total biomass than abundance (Table 1Ij, desmocraticas one of the smallest
salps in the region. Qualitatively, salps were highest in biomass during the spring
(Felruary-April) throughout the entire time series, with both early and late summer peaks
(July-August) as well, particularly from 1999 8903 (Fig. 2).

Sal p ¢ bdreaefined és the/top 10% of biomass observations within all
nonzero observations for each species. The species analyzed for bloonis were
democratica, Susiformis, Wcylindrica, andC. polae All of the bloom events were
more than one order of m@itude greater than the medidn (lemocraticandsS.

fusiformig or mean V. cylindricaandC. polae median was zero) biomass.
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Salp blooms occurred regularly, with bloomsTotlemocraticaS. fusiformis and
C. polaeoccurring more often in FebruarpdMarch, with a median total of 5.5, 4, and 1
blooms, respectively, in each of those months over the time seriesAlrigTBe
occurrence of blooms in thogmonths was significantly higher than the median
occurrence in the oth&0 months of the yegp < 0.05; ManAWhitney Rank Sum Test).
W. cylindrica blooms occurred more commonly in late summer (median total of 1 bloom
in each of July, August, and September) compared with the rest of the year (p = 0.002).
Blooms in all other species combined wevenly distributed throughout the year.
Monthly averages of salp biomass with the lde@gn trend removed showed similar
seasonal patterns with democraticaS. fusiformisandC. polaepeaking in the spring,
W. cylindricapeaking in late summer, and athers remaining relatively constant
throughout the year (FigB3.
3.2Diel vertical migration

Of the 21 salp species present, 5 exhibited a detectable pat@viMotvith
significantly higher median biomass during the night than during the day JFighése
diel vertical migrators include®species oBalpa(S. fusiformisn = 136, p < 0.001S.
asperan = 30, p < 0.001WV. cylindrica(n = 48, p = 0.03Q)asis zonariagn = 31, p <
0.001), andritteriella retracta(n = 11, p = 0.002). Overall. democraticadid not
demonstrate DVM (Fig. 4), with day median biomass (0182 m®) not significantly
different from night median biomass (0.36§C m°) (n = 165, p = 0.899). When at
bloom concentrations, we did detect gaght differences ifT. denocratica with 6
blooms (out of 33) having at ledsfold higher biomass at night compared to during the

day, but also 12 bloomith at leas®-fold higher biomass in the surface waters during

12¢



the day than at night. For most other species, preseno@snitas too infrequent or
biomass likely too low for a significant difference between day and night to be detected.
3.3Mesoscale eddies

A total of 56 mesoscale eddies were detected intersecting the BATS site@within
d of a zooplankton sampling eventritdApril 1994 to November 2011, using the Chelton
and Schlax eddy data set. Of these 56 eddies, 38 were cyahatli8 were anticyclonic
there was no significant difference between the median amplitude, speed, and radius of
the2 eddy types (Table 2). Véim comparing median abundancé oflemocratica
between cyclonic, anticyclonic, and no eddies, there was a significant difference between
treatments (P = 0.017), but there were no significant differences in pairwise comparisons.
However, the median biomasfT. democraticavas significantly higher within cyclonic
eddies (0.609g C m®) than within anticyclonic eddies (0.12@ C ni®) (Fig. 5).

Within the 38 cyclonic eddied,. democraticdiomass was not significantly correlated
with eddy rotational spal or amplitude. No significant relationships between other salp
species and eddy presence, type, or attributes were found.

Using the MourifieCarballido (2009) eddy determinations, a total of 48 sampling
events between April 1994 and December 2001 wedy influenced, with 31 cyclonic
eddies and 17 anticyclonic eddies. The median biomaksdg#fmocraticavas
significantly higher within cyclonic eddies (0.688 C m®) thanwithin anticyclonic
eddies (0.165g C mi®) or in the absence of eddies (0.282C m*, Fig. 5). No
significant relationships between other salp species and eddy presence or type were
found.

3.4Long-term trends



There was no significant hgrterm positive or negative trend in total salp biomass
over the 1%r time series; however, over the time series there were weak, but significant,
increases in botf. democraticandC. polaebiomass, and in water column stratification
index (WCSI) (Fig 6A, B, and C respectively). The linear increase in WCSI is ttue
both a significant increase in SST and a coinciding decrease in temperature from 300 to
600m depth (R=0.25, p < 0.0001, for both) over the time series. The increases in salp
biomasswere loglinear and represented an increase of 6T m* yr™ for T.
democraticaand 0.003rg C m®yr for C. polae Mean annual biomass anomaliesTor
democraticgFig. 7B) were consistently positive over the |&str of the time series, and
for S. fusiformisvere strongly negative over the ldsgr (Fig. 7C). Additionally, there
was a distinct shift after 2000 (t-3.413, P = 0.004) from consistently negative to
positive anomalies in total salps other tHamlemocraticandS. fusiformigFig 7D).

Additionally, a cyclical pattern iif. democraticabiomass was evident, with
average annual biomass increasing ¥y@&ders of magnitude eveByyr (Fig. 8). This
cycle is supported by the spectral density offthdemocraticdbiomass longermtrend,
which was highest in value at a period of 33.3 mo (Fig. 8, inset). This pattern is mostly
driven by larger spring blooms ®f democraticaluring these peak years, but also by
elevated biomass throughout the year, and occasionaprorg blooms.
3.5Environmental and climate influences

Total salp seasonality was most closely grouped with integPRadthe PCA of
seasonality in salps and environmental parameters (f)g. Additionally, T.
democraticaandS. fusiformiswere closely groupeditth PP and ch& concentrations.

These2 species were also seasonally negatively correlatedS@iand theN/CSI. C.
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polaewas weakly negatively correlated with SST amelWCSI. W. cylindricaand all

sal ps other than tismidgroopgedtogétier ant wesetmosb i o ma s
strongly, and negatively, correlated with 3800 m water temperature, although this only
explained a small portion of their variability.

Long-term trends in salp biomass were significantly correlated with several
environmental parameters (Table 3, Fig)9 However, the variance explained by
components 1 and 2 of the PCA (Fi)9s low, suggesting a complex system poorly
represented by the first two components alone. BothtB&WCSI were positively
correlated withl. democraticaandC. polaebiomass (Table 3). Additionally.
democraticaandC. polaewere positively correlated with SST in the PCA (FiB) 9PP
was negatively correlated with biomassSoffusiformisC. polag andW. cylindrica
(Table 3), but stnagly positively correlated with total salp amddemocraticabundance
(Table 3, Fig. 8). Integrated ché was negatively correlated willv. cylindricaand
weakly so with biomass of less abundant salp species (Table 3awaklpositively
correlatedwvith C. polaebiomass and abundance éhdusiformisabundance (Table 3).
Lower mesopelagic temperatures corresponded with higher biomass of total salps,
democratica$S. fusiformisC. polage and other less abundant species (Table 3).

We comparedhie long-term trendof biomass ototal salps;T. democraticaS
fusiformis W. cylindrica, C polae,and all other salp species combined with1Be
month moving averagef 4 decadaktlimate indices (Table 4, Fig. LOTotal salp
biomass was most stronglgnd positively, correlated with the NPGO (FigA)OT.
democraticavas most strongly, and negatively, correlated with the PDO (FRg). 19.

fusiformiswas significantly positively correlated with the PDO (FigC),0wnhile all other



salps combined wasost strongly positively correlated with the NPGO (FigD10
Significant correlations between other salp species and climate indices can be found in

Table 4.
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4. DISCUSSION

4.1 Salp species composition and seasonality

We found a total of 21 speciess#lps present in the entire time series, compared
to 16 species oveéXcruises in late summer and spring of 19890 (Madin et al.1996)
and 20 species throughout the year in 219872 (van Soestl975) in the BATS region.
Of the 25 salp species vanesb (1998) reports to occur throughout the northwestern
Atlantic Ocean, onlyl species were not presentla¢ BATS site Salpa yountiBrooksia
bermeri Cyclosalpa bakeriandCyclosalpa foxtoni The most common speciestihag
BATS sitewereThalia demoratica andS. fusiformiswith other species such ¥¢eelia
(Salpg cylindrica, C. polae, lasis zonariandS. asperaeasonally abundant. While van
Soest (1975) and Madin et al. (1996) did not measure absolute abundance of salps, the
relative abundanced species that they observed were similar to those we found. In the
BATS time series, total salp abundance reached as high as 3t ifdlring aT.
democraticabloom), which is comparabte documented maxima of 150 ind= for the
Bay of Bengal (Mdhupratap et al1980), 300 indm™for the Agulhas Bank (Gibbons
1997), and 100 indn® in the South Atlantic Bight of the USA (Paffeifar & Lee
1987). However, this is lower than off of southeast Australia where abundance exceeded
2444 ind m* for T. democratican a bloom event within an eddy (Henschke et al.
2011). The second most common spe@esusiformisreached 0.96 inan, which is
comparable to 8. fusiformisnaximum of 1.6 indm2in coastal Taiwan (Tew & Lo
2005) and 2 indnin the Humboldt Current (Goétez et al, 2000). But this is much
lower than ~70G8. fusiformisnd. m™found in the North Atlantic west of Ireland

(Bathmann1988) and 225 indn™ off northwest Spain (Huskin et a22003).
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There was a distinct anality in salp blooms, with 8f the4 most abundant
speciesT. democraticaS. fusiformis andC. polag blooming more commonly in
February and March (spring), coinciding with the seasonal increase in primary production
and chlorophyll biomass (Steinlgeet al, 200% Lomas et a].2013). In contrasi\V.
cylindricabloomed more frequently in late summer, suggesting that other processes are
responsible for their rapid population increase. Similarly, Madin et al. (1996) ¥und
cylindrica present in Augst but absent in March and April, although van Soest (1975)
foundW. cylindricapresent in low abundances y&aund. Other salp species were more
variable in their bloom seasonality and showed no overall trend.

4.2 Environmental influences

Environmenial parameters such &Tand water column stratification (which in
turn influence mixing an®P) are important seasonal regulators of salp abundance at
BATS. The BATS region is characterized by a spring phytoplankton bloom in January
March that followsa period of winter mixing (Steinberg et,&001). Abundance and
biomass oB of the 4most common species of salps at BATSdemocraticaS
fusiformis andC. polaég respond to this seasonal bottaim forcing, as shown by the
increase in their abundee with increasing cld andPP, and the more frequent
occurrence of blooms in early spring than at other times of the year. Correspondingly,
seasonally loweESTand reduced stratification, typical of conditions at the onset of the
spring bloom, resuinh higher abundance of the8salp species. This response of salps
to the spring phytoplankton bloom is similar to that in other systems, incliiding
democraticaoff the southern Atlantic coast of tRiSA (Deibel & Paffenidfer, 2009) and

in the Tasman & (Heron1972),S. fusiformioff northwestern Spain (Huskin et,al.
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2003), and botfA. democraticandS. fusiformisn the western Mediterranean Sea
(Ménard et al.1994). In some coastal systems, the correlation betweeracil salp
abundance becogs negative at very high chlconcentrations (Zeldis et a1995 Liu et
al,2012) presumably due to the cl oggiang of
concent r at’ Hambisonet ak1986). Havever, phytoplankton biomass in the
oligotrophic BATS egion, typically ranging from 0t . 81™ (Stginberg et 412001,
Lomas et al.2013) rarely would approach the level required to negatively impact salp
feeding.
In contrast to other salps specids,cylindrica abundancevas pogively

correlated with botlsSTand water column stratification, while it was not significantly
correlated with ché, and was most abundant during the late summer (July, August, and
September). This difference in seasonal abundance may be\lueytn d r i c a0 s
apparenpreference for warm tropical waterg/. cylindricais not reportedn waters
colder than 17C (van Soestl975), and Harbiso& Campenot (1979) experimentally
determined thatV. cylindricastopped swimming at temperatures colder thahC:5
However, Harbisoi& Campenot (1979) also reported tRapolaedemonstrated a
response to cold temperatussiilar to that oM. cylindrica This is in contrast to our
results, which indicate high€r. polaeabundance in cool, higbhytoplankton lmass
conditions, suggesting that food availability has more influence than temperatdre on
polaeabundance.
4.3Diel vertical migration (DVM)

Five species§ fusiformis I. zonarig S. asperaRiitteriela retracta,andW.

cylindrica) exhibited cleaDVM, with significantly higher night vs. day biomass in the
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top 150 m. Madin et al. (1996) also found DVM off Bermud&.ifusiformisl. zonarig
S. asperaandR. retracta but additionally inhlea punctata.In the slope waters of the
NE USA, S. aspraalso exhibited DVM (Madin et al2006) The most abundant
vertically migrating speciess. fusiformiswas also negatively correlated with
mesopelagic zone temperature (ETDm), suggestinghatwarming of waters at typical
daytime residence deptha verticd migrators in the region (e.&teinberg et al200Q
2012; Bianchi et al2013) could have a negative impact@rfusiformigpopulations,
such as increasing their metabolism at depth. While the most abundant Species,
democraticadid notexhibit DVM during times of average or low abundance, there was
an indication of DVM (both 6ndrdemotragiicaand r e
blooms. However, this is likely an artifact of horizontal movement of the salps and not
vertical, as exemely high abundances could amplify the patchiness of the bloom. This
i's supported by b o tddmoaaticdDVMenldifiereat sathplinge ver s e
days during individual blooms in both 1996 and 2011. Other studies in the Agulhas Bank
(Gibbons 1997), off SW Taiwan (Tew & Le2005), and in the Kuroshio current (Tsuda
& Nemotq 1992) found thal. democraticalid not exhibit DVM and generally stayed
within the upper 200m. Thus, we conclutat thediel differences we detected Tn
democraticaverelikely due to bloom patchiness and tHademocraticdikely does not
undergo significanDVM.
4.4Mesoscale Eddies

Mesoscale eddies can enhance nutrient upwellind*&ud the BATS region
(McGillicuddy et al, 2007 Mourifio-Carballidg 2009) as well & the oligotrophic North

Pacific gyre (Landry et 312008). Eddy presence can also lead to increases in biomass
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and changes in the community composition of mesozooplankton (Goldthwait &
Steinberg2008 Eden et al.2009). The only salp specitgmtsignificantly changed in
biomass in response to mesoscale eddiesiw@smocraticawhich had elevated

biomass in cyclonic eddies compared to the absence of enfdieicyclonic eddies (Fig.
5). The first eddy data set we ug€thelton et al.2011)doesnot distinguish between
the 2 anticyclonic eddy types: anticyclonic eddies that are downwelling, and anticyclonic
modewater eddies with isopycnal displacement and upwelling. However, when using
the MourifieCarballido (2009) data which do distinguish ghesldy types, we found no
significant difference betweeéh democraticanedian biomass between anticylonic
mode-water and anticyclonic eddieslthough the low number of anticyclonic eddies (4)
may be an insufficient sample si#h whichto detect a sigficant difference.

Increases iff. democraticébiomass in response to cyclonic mesoscale eddies
may be the result of several processes. Everett et al. (2011) repodmocratica
blooming within a 30 km coldore, cyclonic eddy off southeast Austaahvith an
estimated abundance of ové@0® ind m>. This high abundance of salps in the cyclonic
eddy was linked to an uplift of the nutricline and elevated fluorescence (Everett et al.
2011). Whileanincrease in salps and otleyoplankton in cyclomi eddies compared
with the absence of eddy perturbation might be predicted, it is less cledr. why
democraticavas the only salp species to significantly increase in biomass in eddies. It is
possible that only this most abundant species occurs in nutalggsenough to detect
differences between eddy typarsd that other salps may be responding to eddy
perturbation as well. Alternatively, differences in phytoplankton community structure

between eddy types may play a role. Previous studies showed dngéityclonic mode
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water eddies in the BATS region there was an increase in the percentage of larger
phytoplankton such as diatoms and dinoflagellateZd)(mm), while in cyclonic eddies
there was an increased percentage of cyanobacteria sBghexhococcusnd
Prochlorococcug0.51.5mm) (Sweeney et al2003 Mourifio-Carballidg 2009). IfT.
democraticacan outcompete other salp species in cyanobaaterranated
phytoplankton assemblages, this shift in phytoplankton may explain whylonly
democraticancreased in the presence of cyclonic eddies. Although early studies showed
that smaller salps could feed more efficientlysomaller particles (Harbisofa McAlister,
1979 Kremer& Madin, 1992) and that. democraticaan feed on bacteria (Mullin
1983), a recent study shows that at least one largePadjed confoedera}aan also
feed on submicrometer particles (Sutherland et aD10b).

4.5Long-term trends

The only significant longerm trends in salp abundance or biomass at BATS were
slight increases ifi. democraticaandC. polaebiomass. While the trend Th
democraticavas consistent over the time series, the trer@ ipolaeis mostly drven by
the extremely low concentrations during the fistr of the study. FoF. democratica,
the increase was equivalent to an integratetb@m) biomass increase of 1.4 C m’*
yrt or ~10.0my dry weight nif yr* (assuming G= 12.8% dry weight; Madin et all981),
and represents an increase of ~0.17 mg dry weigf®8506) over the 1yr time series.
While this increase is small compared to an increase of 10.7 nvegitylgt m? in total
mesozooplankton biomass at BATS over the same time period (Steinberg@@t 2,
any shift in the baseline of salp biomass will have larger impacts seasonally at bloom

concentrations. Significant losigrm changes in salp abundahexe been documented
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in other regions, including a lortgrm decrease in the California Current (Lavaniegos &
Ohman 2007) and a range expansion in the Southern Ocean (Atkinson2€0dl). In
other regions, salp abundance was positively associatecianges in primary
production (Baird et 812011, Li et al, 2011).

There has been a 2% increase per year iRR&bm 1989 to 2007 at BATS
(Saba et a]2010). This may be driving the lofigrm increase iii. democraticaas
suggested bthe signifcant positive correlation with longrm trends in primary
production and their close grouping in the PCA of lbegn trends. Chdwas not as
good a predictor of salp biomass; while PP andaéhik significantly positively
correlated at BATS over tHeng term (p < 0.001), salps at bloom abundances may
quickly deplete ch& concentrations. Interestingly, lottgrm trends in botf.
democraticaandC. polaeare positively correlated with the WCSI which has also been
increasing over the time series. Méran increase ithe WCSI would reduce the amount
of mixing and nutrient influx into surface waters, this overall increase may not be
affecting wintertime advective mixing, which is most important for driving the BATS
spring phytoplankton bloom (Lomasad., 2010 Lomas et a].2013).

In addition to a longerm increase, there were unusually large spring blooms of
T. democraticavery third year starting in 1996, as well as elevated biomass of this
species throughout the rest of that year. No athkr species showed a similar cycle of
blooms or abundance. Globally, salps have been shown to follow approximately a 4 yr
cycle of high and low relative abundance (Condon e2@l3,their supplementary Fig.
S2C). Condon et al. (2013) posit that thigy be related to the 4.4 yr quagcle of high

tidal levels based on the lunar perigee (the closest distance the moon is to Earth; Haigh et



al., 2011), during which an increase in internal tidal wave energy causes an increase in
turbulence and mixing ovéhe deep ocean (Garre2003). However, we have no
mechanistic evidence of a link between this 4.4 yr cycle of increased mixing and the
slightly offset 3 yr cycle of. democraticave detected, and no other explanation for the

pattern.

4.6 Climate oscillations

Decadal climate oscillations play an important role in regulating-teng trends
in physical forcing and biological response in the North Atlantic (Greene 20aB) and
specifically in the BATS region (Krause et,&009 Lomas et al.2010, Saba et a/.
201Q Steinberg et 8l2012). The phase of the NAO influences the ecology of the North
Atlantic through changes in temperature, circulation patterns, and wind intensity
(Ottersen et al2001). In the BATS region, a negative phasé@NAO results in
increased storm activity (Dickson et,dl996), which causes an increase in the frequency
of mixing in the region (Lomas et a2010). This increased mixing leads to an increase
in primary production (Saba et,@010), higher cha (Lomas et al.2010), and increased
mesozooplankton biomass (Steinberg e28112). In our analysis a negative NAO
correlated with an increase in éénd biomass and abundanceCopolae but not with

an increase in biomass of tRenost abundant spies of salps.

Due to climate teleconnections between the North Atlantic and other ocean basins
(Kucharski et al.2006 Mdiller et al, 2008),PPand mesozooplankton biomass are also
positively correlated with thHPGO(Saba et aJ201Q Steinberg et al2012). The

NPGO was positively correlated with loerm trends in total salp biomass and
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abundance. The other Pacific climate indices, MEI and PDO, both decreased while total
salp biomass, abundance, and the NPGO increased. This suggests that sap isiom
influenced through a similar mechanism by 3teacific indices while the NAO has little

or no effect on londgerm trends in salp biomas$halia democraticavas also

significantly correlated with the Pacific oscillation indices but not with th©Nagain
suggesting that variability in these climate indices affects physical forcing ultimately
leading to salp blooms in the BATS region in different ways. The PDO was negligibly
correlated with longerm trends ir& fusiformisand no climate index vgacorrelated with

W. cylindricabiomass. It is likely that the processes affecting their ldagm trends are
unrelated to the mechanism linking the Pacific indicesTarttemocratica El Nifio

Southern Oscillation (ENSO) forcing affects Southern Ocelpnpsgulations $

thompson), but the nature of the environmental conditions driven by this forcing leading
to years with large summer bloomsSfthompsonis still unknown (Loel& Santora

2012). Similarly, the mechanism by which forcing associaidfdtivese Pacific climate

oscillations affect changes in BATS region ecology remains to be determined.



5. SUMMARY AND CONCLUSION

The high diversity and seasonal increase in abundance of salps in the BATS region has
important implications for trophimteractions in the planktonic food web, as during
blooms, salps periodically make up more than 90% of the mesozooplankton biomass.
Grazing by salp blooms and competition with other mesozooplankton could alter the
phytoplankton and zooplankton communitsusture in ways that persist after the salp
blooms have died off by changing the relative ratios of different phytoplankton groups.
These high abundances, coupled with the high filtration rates of salps, could also
efficiently transfer carbon to the depplagic ocean and benthos, through rapid sinking of
their large fecal pellets, sinking of salp carcasses, and active transprtvby In

conjunction with a longerm increase iPPat BATS, there has been a corresponding
long-term increase ifi. democraica andC. polaebiomass, and lorterm trends in other
species may emerge as the data set continues. Salp populations are clearly sensitive to
both seasonal and muitear changes in environmental conditions, and each species
responds uniquely to envimmental changes. While the links between climate

oscillations and changes in salp populations need to be further explored, increased
warming of the oceans and resultant changes in decadal climate oscillations could lead to

future changes in salp abundance
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Table 1: Day (n = 227) and night (n = 222) biomass and abundanean SD) for

each salp species in the epipelagic zoritkeaBermuda Atlantic Timseries Study
(BATS) site Mean and maximum day and night biomass and abuedae given for
each species for the entire Wiritime series. Species are listed in decreasing order of

frequency

of

prese

nce

(see

Fig.

1) .

See

oM

Species
Total salps
Thalia democratica

Salpa fusiformis

Weelia(Salpg cylindrica

Cyclosalpa polae
lasis zonaria
Salpa aspera
Ritteriella retracta
Pegea confoederata
Ihlea punctata
Pegea socia
Traustedtia
multitentaculata
Cyclosalpa floridana
Salpa maxima
Thalia orientalis
Cyclosalpa pinnata
Thalia cicar
Brooksia rostrata
Cyclosalpa affinis
Pegea bicaudata
Helicosalpa virgula

Thetys vagina

Day mean

3.32+255

3.31+25.5
1.86E3 +7.3E-3
3.44E3 £14.4E3
7.52E4 +34.3E4
1.37E4 £10.9E4
4.24E4 +40.1E4
6.09E5 +64.9E5
1.23E3 £11.7E3
4.04E4 +41.2E4
8.34E4 +83.3E4

1.84E4 +13.6E4

8.50E5 +98.4E5
6.42E5 +70.3E5
6.02E4 +61.3E4
8.32E5 £73.7E5
2.29E5 +34.5E5
3.16E5 +47.6E5
1.96E4 +29.6E4
2.48E5 +37.4E5
0.00

0.00

Abundance (ind. m)
Night mean
1.95+17.5
1.90 +17.5
2.56E2 +7.1E-2
6.32E3 £30.9E3
2.98E3 £17.6E3
2.01E3 £7.09E3
1.41E2 £10.3E2
1.03E3 £7.67E3
1.69E3 £17.5E3
8.05E4 +62.3E4
2.57E4 +20.7E4

2.53E4 +27.8E4

2.22E4 £16.9E4
4.72E3 +69.2E3
3.22E4 +34.6E4
2.63E5 £39.2E5
7.04E5 £75.2E5
6.32E5 +94.1E5
2.86E5 +42.6E5
5.33E4 £79.4E4
1.64E5 +24.4E5

1.83E5 +27.3E5

Day max Night max

281 221
281 221
0.073 0.962
0.133 0.293
0.033 0.186
0.012 0.061
0.054 1.44
0.007 0.098
0.143 0.239
0.053 0.071
0.114 0.023
0.015 0.040
0.014 0.016
0.009 1.03
0.083 0.047
0.008 0.006
0.005 0.009
0.007 0.014
0.045 0.006
0.006 0.118
0.000 0.004
0.000 0.004

Biomass fry C m)

Day mean Night mean
43.1 £361 41.5 £245
40.8 361 30.2+245

0.211 #1.24 3.39 +13.6
0.245+£1.10 0.587 +4.40
0.150 +0.810 0.240 +1.11
0.070 £0.934 1.22 +5.23
0.034 £+0.347 3.77 £15.4
0.057 +0.836 0.202 £1.29
0.298 £3.11 0.242 +2.53
0.035 +0.396 0.134 +1.02
1.10+14.1 0.148 +1.64

0.019 +0.232 0.017 +0.200

0.002 0017 0.003 +0.027
0.005 +0.055 1.20 +16.7
0.013 +0.124 0.008 +0.092
0.017 +0.199 0.008 +0.120
0.001 +0.018 0.001 +0.020
0.000 0.014 +0.215
0.001 +0.009 0.003 +0.050
0.002 +0.028 0.061 +0.907
0.000 0.001 +0.016

0.000 0.015 +0.222

Day max Night max

4470 2630
4470 2630
14.1 178
8.45 62.6
6.72 11.6
14.0 60.6
4.07 136
12.6 12.6
44.4 35.8
5.69 12.6
210 23.7
3.45 2.90
0.22 0.34
0.78 249
1.45 1.35
2.93 1.79
0.27 0.30
0.07 3.20
0.14 0.75
0.42 13.5
0.00 0.24
0.00 331
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Table 2: Mean & SD) and range for the amplitude, rotation speed, and radius of the 56
mesoscale eddies that passed through émmBda AtlanticTime-series Study (BATS)

site within 6 d of a zooplankton sampling event. Eddies were considered to have passed
through the BATS site if 110% of their circumference encompassed the BATS site. Eddy
data were collected from the online database http://clogs.oregonstate.edu/eddies/
(Chelton et a).2011).

Cyclonic Anticyclonic
Number 38 18

Mean amplitude (cm) 8.0x4.4 8.1+2.8
Amplitude range (cm) 1.271 16.5 421 14.2
Mean rotational speed (cm/s) 17.0 £6.4 17.5+3.8
Rotational speed range (cm/s) 7.17 33.9 13.17 26.6
Mean radius (km) 96 £22.2 104 £29.5

Radius range (km) 54-148 6671 159
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Table 3: Spearmarorrelation coefficients for the 8o moving average of salp
abundance @m™) and biomass (Mg ) versusenvironmental parameterslot
significant (NS): O 6,*®. 05 > p0o0OOD.®1p ®*0. 001, **

. Water column Primary Chlorophyll
Species Sea surface - Temperature : .
temperature stratification 300 1o 600m production aintegrated
P index integrated to 140m to 140m
Total salpabundance NS NS NS 0.42%+* NS
Total salp biomass NS NS -0.23** 0.18* NS
Thalia democraticaabundance NS 0.20* -0.24** 0.32%** NS
Thalia democraticabiomass 0.23* 0.48*** -0.43%** 0.22** NS
Salpa fusiformisabundance NS NS -0.29*** NS 0.20*
Salpa fusiformisbiomass NS NS -0.36*** -0.19** NS
Weelia(Salpg) cylindrica NS NS NS 20,30+ 20,324+
abundance
Weella(SaIpa) cylindrica NS NS NS -0.38" 20,234+
biomass
Cyclosalpa pola@bundance 0.34%* 0.29%** NS NS 0.20**
Cyclosalpa poladiomass 0.31%** 0.30%*** -0.16* -0.16* 0.24%**
Others combined abundance NS NS NS NS NS
Others combined biomass NS NS -0.19* NS -0.20*
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Table 4: Spearman correlation coefficients the 12 mo noving average of climate

index anomaliegersus thel2 mo moving average of salp biomass and abundahttel:
Multivariate El Nifio Southern Oscillation; NAO: North Atlantic Oscillation; NPCO:
North Pacific Gyre Oscillation; PDO: Pacific Decadal Oscialtatiblot significant (NS)

* 0.05 > p O 0.01, ** 0.01 > p O 0.001,

Species MEI NAO NPGO PDO
Total salp abundance -0.40%** NS 0.55%** -0.37***
Total salp biomass -0.22** 0.20** 0.57*+* -0.45%**
Thalia democraticaabundance -0.44%* NS 0.28*** -0.35%+*
Thalia democraticabiomass -0.44%* NS 0.40%** -0.54%+*
Salpa fusiformisabundance NS NS NS 0.25**
Salpa fusiformisbiomass NS NS NS 0.27***
Weelia(Salpg cylindrica abundance NS NS NS NS
Weelia(Salpg cylindrica biomass NS NS NS NS
Cyclosalpa pola@bundance NS -0.33*** 0.26*** NS
Cyclosalpa poladiomass NS -0.32%** 0.22** NS
Others combined abundance NS 0.25%** 0.47** -0.25**
Others combined biomass NS 0.38*** 0.46*** -0.27**
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Figure 1: Frequencyof presence (as %) of each salp species in monthly cruises (n
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Figure 2: Seasonal and interannual total salp lasmathe Bermuda Atlantic Time
series StudyRBATS) site Total combined (all species) salp biomass across the time series
(April 1994-November 2011). Notiatbiomass is depicted on a natural log scale.
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Figure 3: Monthly distribution of A) salp bboms andB) average monthly biomass

after removal of the lonterm trend. Blooms am@efined asalp biomass in the top 10%

of the entire time seridsr that sgcies. Shown are the sums dfidboms in each month

for the 4most abundant speci€BhaliademocraticaSalpa fusiformisWeelia(Salpag
cylindrica, andCyclosalpa polagand all other salps combined over the entire time series

(April 1994-November 2011).
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Total salps (201)

T. democratica (165)
S. fusiformis (136)
W. cylindrica (48)

C. polae (35)

1. zonaria (31)

S. aspera (30)

R. retracta (11)

P. confoederata (10)
1. punctata (9)

P. socia (7)

T. multitentaculata (6)
C. floridana (5)

S. maxima (5)

T. orientalis (4) +—— mmmm Night
C. pinnata (4) 1— /3 Day
T. cicar (2)

B. rostrata (2)
P. bicaudata (2)

I T T T

0 2 4 6 14

Median biomass (pgC m™)

Figure 4: Salp diel vertical migration. Day and night median biomass of total aatbs
18 species of salps at tBermuda Atlantic Timeseries StudyBATS) site across the

time series (Apl 1994- November2011). Day and night biomasses that a
significantly different (i.ethe species demonstrates diel vertical migration) are marked
with an asterisk, and the number of daght observation pairs for each species is in
parenthesesFull species names given in Fig. 1.
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Figure 5: Median biomass of haliademocraticawithin cyclonic and anticyclonic

eddies, and when no eddies aresgnt, at thBermuda Atlantic Timeseries Study

(BATS) site. Black bars represent salp median biomass for eddies from the Chelton and
Schlax database (http://cioss.coas.oregonstate.edu/edadgsf)compassed the BATS

site within 110% of their circumfence within 6 d of a zooplankton sampling event, and
represents our entire salp time series (April 1984vember 2011). Gray bars represent
salp median biomass for eddies listed in Mow@arballido (2009})hatinfluenced

BATS from April 1994to Decenber 2001. Numbers in parentheses indicate the number
of eddyinfluenced samples within each category. Bars with different letters are
significantly different (BonferroaDunn test, p < 0.05) from other bars within that

dat abase (6ad mhdSodOblobax orarCd ed-Caabalede,d Oy 6
and bars with the same letters are not significantly different (p < 0.05).
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T. democraticaandS. fusiformis.Red and blue bars indicate higher and lower biomass, respectively, for that year compared to the
annual median of the whole time series.
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standard error. Note haal log scale and the cycle of higher average biomass 8wgrylnset is the calculated spectral densitthe
monthly time series 1810 moving average showing the most significant periodicity.
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Figure 10: Salp biomass and climate indexm® moving average. Monthly salp
biomass trend (solid lineé$ shown withthe most strongly correlated monthly climate
index trend (dashed line) A} total salps with North Pacific Gyre Oscillati (NPGO),

(B) Thalia democraticand C) Salpa fusiformisvith Pacific Decadal Oscillation (PDO),
and D) total salps minu3. democraticaS. fusiformisWeelia(Salpg cylindrica, and
Cyclosalpa polasvith the NPGO. Correlations between salp trendsctinthte indices
were testd using the Pearson correlati(see Table 3 for full results of analysis) for the
period of the salp time series (October 1984y 2011).



CHAPTER 5

Salp contributions to vertical carbon flux in the Sargasso Sea

This chapter published in the journBleepSea Researchds:

Stone JP, Steinberg DK (2016) Salp contributions to vertical carbon flux in the Sargasso
Sea. Deeybea Res 113: 90100. doi: 10.1016/j.dsr.2016.04.007
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ABSTRACT

We developed a ordimensional modeo estimate salp contributions to vertical
carbon flux at the Bermuda Atlantic Tirseries Study (BATS) site in the North Atlantic
subtropical gyre for a Tyr period (April 1994 to December 2011). We based the model
parameters on published rates opgathysiology and experimentally determined sinking
and decomposition rates of salp carcasses. Salp grazing was low duriolgaron
conditions, but routinely exceeded 100% of chlorophyll standing stock and primary
production during blooms. Fecal pellebguction was the largest source of salp carbon
flux (78% of total), followed by respiration below 260(19%), sinking of carcasses
(3%), and DOC excretion below 200m (<0.1%halia democraticaSalpa fusiformis
Salpa asperaWheelia cylindricaandlasis zonariavere the five highest contributors,
accounting for 95% of total salpediated carbon flux. Seasonally, salp flux was higher
during springsummer than fallvinter, due to seasonal changes in species composition
and abundance. Salp carbon expor200m was on average 2.3 mg G d1 across the
entire time series. This is equivalent to 11% of the meam?P@C flux measured by
sediment traps in the region. During years with significant salp blooms, however,
annuallyaveraged salp carbon expwas the equivalent of up 60% of trap POC flux
at 200 m. Salp carbon flux attenuated slowly, and at 3@0the average modeled carbon
from salps was 109% of the POC flux measured in sediment traps at that depth.
Migratory and carcass carbon expaathpvays should also be considered (alongside fecal

pellet flux) as facilitating carbon export to sequestration depths in future studies.



1.INTRODUCTION

The Sargasso Sea is an oligotrophic region in the North Atlantic subtropical gyre,
with patterns in lmgeochemistry influenced by physical forcing, moderated by strength
of winter mixing, and tied to decadstale climate oscillations (Saba et al. 2010,
AlvarezGarcia et al. 2011, Wu et al. 2011). In years with increased frequency of winter
mixing, increasd surface nutrients fuel new production, ultimately leading to higher
particulate organic carbPOC)fluxes to 150 m (Lomas et al. 2010Jhis POC flux is
significantly attenuatedn the mese andbathypelagizonesof the SargassS8ea(Conte
etal.,, 2001), where flux tdhesedepthsconsists bphytodetritusamorphousggregates,
zooplanktorfecal pelletsandforaminiferashells(Shatovaetal., 2012; Conteand Weber,
2014), withvariationin mass flux closelgoupledto seasonal chang&sepipelage
particle flux (Conte eal.,2001;Lomas efal.,2010). Flux is also influenced by climate
oscillations, with higher nitrogen flux to 32@0in years with a negative North Atlantic
Oscillation (NAO) anomaly (Conte & Weber 2014). Interannual variaiions
mesozooplankton biomass in this region also affect vertical export (Steinberg et al.
2012); we examine here how fluctuations in salp populations (Stone and Steilderg

contribute to vertical carbon flux through a variety of mechanisms.

Salps ara@elatinous, tubular zooplankton which alternate life stages between
solitary, sexuallyproduced individuals and aggregated, asexyaibguced colonids
ranging in size from a ([Gedeawnehad,d998)Salpst e n s
are highly effcient filter feeders, with clearance rates up to several liters balp*

(Madin & Cettg 1984;Andersen1985 Vargas& Madin, 2004), and they can consume a

broad size range of phytoplankton and bacteria (Bone, 2083 Sutherland et al.
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2010). &lps feed incessantly as they propel themselves through the water, and when
numerous, can consumeore than 100% of the primary productigtereu et al.2006).

Their continuous ingestion of a wide range of particle sizes promotes rapid rates of
growth, eproduction, and defecation. Salp fecal pellets are relatively large (Cargn et al.
1989 Sutherland et g12010), and sink at rates up to 168@ay" (Bruland& Silver,

1981 Phillips et al, 2009). Due to fast sinking velocities, salp pellets carhreac
bathypelagic depths relatively intact, and are found in high numbers in sediment traps
(Iseki, 1981, Matsueda et gl1986;Caron et al.1989;Conte et a].2001). This

observation suggests remineralization or scavengjitigese particles by microbes

other metazoans may be limited.

Dead carcasses of salps also contribute to vertical export of organic matter
(Lebrato et al.2013a). While the fate of many salp blooms is unknown, seasonal blooms
of salps often quickly collapse (Purcell et 2D01), and this sudden production of
carcasses can represent an important source of food foesdaemimals and bacteria
(Cacchione et 811978 Wiebe et al.1979 Lebrato et a].2012). Flux from salp fecal
pellets and carcasses are estimated to cortgrilquto 72% of the measured flux in the
coastal Mediterranean (Anders&mival, 1988), and &alpasp. bloom in the
northeastern Pacific resulted in a major deposition of fecal pellets and carcasses to the
seafloor (Smith et gl12014). In addition toq@ducing fecal pellets and carcasses, several
abundant species of salps in the Sargasso Sea and elsewhere undergo diel vertical
migration, spending time well below the pycnocline during the day and migrating to
surface waters at night (Wiebe et 4B79 Madin et al, 1996 Stone& Steinberg2014).

While at depth, vertical migrators metabolize particulate organic carbon (POC) consumed

171



in surface waters, respiring it as £€&hd excreting dissolved organic carbon (DOC),

contributing to vertical transporf oarbon to depth (Steinberg et, 2000).

While salps are important contributors to vertical carbon flux while they are
present, their populations are quite variable. Salps periodically bloom throughout the
worl ddés oceans, i na(Madohetald996, A00iRboman a.r gas s o
2002, Ston& Steinberg2014), where they are occasionally the dominant epipelagic
zooplankton (Ston& Steinberg2014). Salps are sensitive to interannual and lenger
term changes in the environment, mostlytedao variations in temperature and
stratification. Shifts in prevailing wind led to temperature and primary production
changes that caused salp species composition in the Mediterranean to alternate between
Thalia democraticandSalpa fusiformis(Ménad et al, 1994 Licandro et al.2006).

Increases in temperature, as measured by the Northern Hemisphere Temperature
anomaly, caused observed increases in the pelagic tuRi@soma atlanticurdue to
more stable water masses and decreases in phytopantommunity size (Lebrato et
al., 2013b). Longerm regional changes in salp populations have been reported in the
California Current (Lavaniegos & Ohmg2007) where shifts in temperature regimes
caused changes to both their species composition anthbs. In the Southern Ocean,
changes in El NifidcSouthern Oscillation (ENSO) and regional warming are correlated
with increases in salps (Atkinson et 2004 Loeb et al.2010), and worldwide,
gelatinous zooplankton fluctuations are linked to osdilfetiin climate indices (Condon
et al, 2013). In the Sargasso Sea, biomass of the $aklsa democraticand
Cyclosalpa polaéncreased over the last 20 years, and was positively correlated with

water column stratification (Storée Steinberg2014). T. democraticaeabundance was
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also higher within cyclonic eddies in the Sargasso Sea, possibly through increased eddy
induced production or through eddynd aggregation (Stong Steinberg2014). These
long-term changes in salps in the Sargasso Sea cautehse carbon export to the deep

sea.

In this study, we hypothesize that all three mechanisms ohsadiiated carbon
exporti 1) sinking of fecal pellets, 2) sinking of carcasses, and 3) respiration and
excretion at depihrepresent significant pathwaytexport. To test this hypothesis, we
used salp abundance and species composition data from the Bermuda Atlantic Time
series Study (BATS) to individually model
flux. This onedimensional model includes prewsly-published rates of salp fecal pellet
production and sinking, newly measured rates of salp carcass decomposition and sinking,
and previously published rates of salp metabolism. By modeling each species and export
mechanism separately, we can estintat@ salp contributions to vertical flux in an
oligotrophic, operocean environment and how those fluxes change through the water

column as salp abundance and species composition change.
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2. METHODS

2.1Sinking and decomposition rate experiments

Salpsused in sinking and decomposition rate experiments were collected in the
western North Atlantic subtropical gyre at stations within ~40of the Bermuda
Atlantic Timeseries Study (BATS) sampling site (310 6 N°1. 0 & W) . Cruise
aboard the RNAtlantic Explorerd ur i ng t he O6Trophic -BATSO
2012 and on regular monthly BAT8uises from Marché7, April 28 May 3, and
August 1923, 2014. Salps were collected using a net with a 0.8 mXegttangular
mouth, 202rm mesh, and a néefiltering cod end to minimize damage to the salps. Tows
were conducted during both day and night to depths-df580n, and lasted ~50 min
each. Immediately after each tow, captured salps were separated from other zooplankton
and brougt into the lab for experimentation. Any particles or other zooplankton stuck to
the outside or inside of the salps were first removed. Salps were then identified to
species and life stage, and individual salp length was measured as-dueialrdistance
using digital calipers. Salps that were not already dead post capture were killed by
placing them in a shallow pan of seawaterifi# deep) to collapse and suffocate them

while allowing them to remain moist.

To determine sinking rates, dead salpsen#aced individually into a sinking
chamber comprised of a clear acrylic tubec60long and 1%m in diameter filled with
surface seawater. This experimental set up and sinking chamber is similar to those used
in Lebrato et aJ.(2013a), which were 12cm and 1&m in diameter. The chamber

diameter in relation to the size of some of the salps may allow flow interactions between
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the salp and the wall, slowing the salp sinking rate. To correct for this, @egsation

12 from Ristow(1997)toapplya s i dewal | correction factor
sinking rate based on the size of the salp. Water temperature was measured using a Cole
Parmer Traceabte9020522 temperature probe, and salinity was determined from the

s hi p 6through salimometr. Water temperature in the sinking chamber changed less
than 1°C throughout each experimental run, and salps were stored in water with the same
temperature and salinity as the sinking chamber. After placement in the sinking chamber
using forceps, safpwere gently shaken to remove any bubbles on or inside the salps. If
any bubbles remained, the salp was discarded. Each salp was then gently released and
allowed to sink. Depth of each salp in the sinking chamber was determined by
comparison to measurent markings on the outside of the chamber. Once each salp
appeared to reach terminal velocity (after €&f), a timer was started, and the time to

sink a distance between 5 andc30 was recorded. Different sinking distances were used
when an individubsalp sank particularly quickly or slowly, as we attempted to time each
sinking salp for 3660 s. Each salp was sunk once to avoid retrieving the salp from the

bottom of the chamber and introducing turbulence.

Decomposition rate experiments were coriddavithCyclosalpa polaglasis
zonaria, Salpdusiformis, S. maxima, Thalia democratica, Wheelia cylindaoa,
Ritteriella retractain March, May, and August of 2014. Dead salps were placed in small
(=5x5cm) 200mm mesh bags submerged in a large beaker in the dark with a continuous
flow-through of surface seawater {29 °C) for the duration of the experiment,
simulating the decomposition process in warm epipelagic waters with the resident

microbial assemblage.e8eral salps were removed at each time point from their mesh
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bags and fAsacrificedo from the experi ment
removal occurred at regular intervals {8 h) until all salps were either removed or
completely decomposed. nCe onshore, salp remains were placed in a drying oven at 60
°C for at least one week and then weighed. Initial salp dry weight @§)enaE estimated

from length measurements of freshly caught, whole salps using published salp live length
to carbon waght regression equations for each speades {Table 5.3 in Madin & Deibel,
1998, and references therein). Occasionally, the measured dry weights of the initial,
undecomposed salps were consistently different from the dry weights calculated by the
regreson equations. When this occurred, a correction factor was applied to all salps in
that experiment by adding or subtracting the difference between the mean calculated and
mean measured dry weights of the time zejcsélps. Decay rate of salp carcassas
calculated by plotting the percent remaining of initial salp dry weight over time and

fitting a firstorder exponential decay curve:

P = a*e"
where O6PO6 is percent of astt atrobnaed géitsat pedper
remaining atime zero§, Ok® i s the decay constant, and

of the experiment. Similar experiments were carried out’ @t @sing water collected

from 1000m, to simulate mes@nd bathypelagic conditions. For these experiments,
insteal of water continuously flowing through the decomposition chamber, carcasses
were placed in 4 bottles in a refrigerator, and the water in each bottle was replenished

every 12 h.

2.2Model development
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We developed a ordimensional model to calculatalp contributions to total
vertical carbon flux (Figl). Fecal pellet production, grazing, production of carcasses,
and respiration at depth was calcul ated da
the model included biological, environmentaidgrocess rate data (e.g., salp biomass,
temperature, primary production) collected through the BATS program
(http://bats.bios.edu/), previously published rates of salp metabolic and export processes
(fecal pellet production, respiration, and DOC excrétias well as results from the
above sinking and decomposition experiment

and Steinberg (2014), i.e., when total salp biomass is in the top 10% of all observations.

Salp biomass (mg m?) and vertical migratiowas calculated from monthly and
bimonthly tows at the BATS site as detailed in Stone and Steinberg (2014). Species
specific biomass was averaged from duplicate day and night tows, with only the night
tow biomass used for species that exhibiteddietical migration. Salp blooms are
generally shortived, and typically do not remain at high abundance for several months.
Because the duration of each salp bloom could not be accurately estimated from monthly
sampling, the biomass data were linearly inteafsal between each sampling date to give
a biomass estimate for each day from April 15, 1994 to November 14, 2011. This was
done for each of the 21 species and 4 higher taxa catedeeigsssp., SalpidacSalpa
sp., andlhaliasp.) in the dataset; the Btomass time series were then used to force the
flux model. Based on Stone and Steinberg (2014), all species were split into those which
exhibited diel vertical migration (DVMsSalpa fusiformisWheelia cylindricalasis
zonarig S. asperaandRitteriella retractg and those that did not exhibit DVNBiooksia

rostrata, Cyclosalpa affinis, C. floridana, C. pinnata, C. polae, Helicosalpa virgula, lhlea



punctata, Pegea bicaudata, P. confoederata, P. socia, Pegea sp., S. maxima, Salpa sp.,
SalpidaeThalia dcar, T. democratica, T. orientalis, Thetys vagiaadTraustedtia

multitentaculaty. For each DVM species, an overall average migrating proportion of the

bi omass was calcul ated by dividing each sa
and subtractig from 1 to obtain a percentage of biomass that was migrating. These
percentages were then averaged for each species across the entire time series. For non
DVM species, we calculated the amount of carbon reachingn2@0m both fecal pellet
productonEPP) and from sinking of carcasses (i
species, we additionally calculated respiration and dissolved organic carbon (DOC)

excretion while at depth (i.e., the dbdactiyv

Fecal pellet production, sinking of deadaasses, respiration and DOC excretion
at depth, and grazing were all resolved daily from April 1994 to November 2011 as
described in the following sections. For fecal pellet production, spspesfic FPP
rates were used when available from the litegtfor species without a specific rate,
rates from the same genus or family were averaged (Supplementary Table 1; Deibel
1982;Madin, 1982 Mullin, 1983 Small et al, 1983 Cetta et al.1986;Andersen1985
Huntley et al. 1989;Madin & Purcell 1992 Sreekumaran Nair et all995). Fecal pellet
decomposition was based on rates averaged from Caron et al. (1989), who measured the
loss of ash free dry weight over ad@y experiment. Based on literature values for fecal
pellet sinking rates (Bruland &ilver, 1981 Caron et a].1989 Phillips et al, 2009), salp
fecal pellets would reach the Sargasso Sea floor well within 10 days. Because the
experiments in Caron et al. (1988gasuredecal pellet decomposition over a total of 10

days through a tengpature gradient (1 day at 2 followed by 9 days at ) and did

17¢



not measure pellet decomposition at only one temperature, we were unable to separately
model the decomposition taking place in the warm surface waters from that at colder
depths. Thus, evapplied the total 28ay decomposition measured by Caron et al.

(1989), and no additional decomposition parameter was applied after the fecal pellets
reached 200n. Because fecal pellets would sink below gdénhuch more quickly than

10 days, our estimas$ are conservative. For DVM species, we assumed the following: 1)
FPP was the same in the surface waters and at depth, as salps with full guts would
continue to produce fecal pellets after migrating to depth for some time and would not
immediately begiproducing them again after returning to the scef 2) migrators spent

12 hper day above 208 and 12 h per day below 2@ and 3) while physical breakup

or resuspension of fecal material may occur, we had no reliable estimates of these

processes, antiéy were not included in the model.

We modeled carcass sinking and decomposition by incorporating the
experimentallydetermine rates for each species (Figand Table 1), and averaging
across genus or family when speesgecific rates were not availg. Daily biomass of
each species and life stage was multiplied by the proportion dying each day (the mortality
rate), which gave a biomass of dead salps produced each day. All salps were
conservatively assumed to have died at the surface, and thetashtiore required to
sink 200m was calculated by using the speeesgcific corrected rates in Fig. The
decomposition equations in Table 1 were then used with the time required to simk 200
to determine the sinking carcass biomass. The monthlygiop of salp biomass in
each life stage (blastozooid or oozoid) was calculated from BATS count data, and then

linearly interpolated to obtain a daily value. Life spans were estimated as 3 days for



Thaliablastozooids, 14 days f@ihalia oozoids, 15 dayfor all other salp blastozooids,

and 30 days for all other salp oozoids (Henschke ,2@11, Deibek Lowen 2012).

Daily death rates were estimated as the proportion of the population reaching the end of
its lifespan each day; for example, thedaylifespan ofThalia oozoids translates as

1/14 ofThaliaoozoid biomass dying each day. For DVM species, we estimated that half
of the population died above 26 and half below 20fh. Since we did not measure
decomposition at colder temperatures orarmdcreased pressure at depth, we calculated
biomass of carcasses produced belowrBQ@eaching depths of 368, 500 m, 1500m,

and 3200m) by applying the decompositiogates of Lebrato et al. (201(?013a)

separately td. democraticddue to slowerigking speeds of this species), and then to all
other species combined. We assumed a constant temperatur&ofr@g 200 tab00

m, 8°C from 500to 1000m, 5°C from 1000 tdl500m, and 3’C from 1500to0 3200m

(http://batsftp.bios.edu/BATS/ctd/).

Sab active transportespiration and DOC excretion at deptias calculated for
the five DVM species while they were below 200 One rate for each parameter was
applied to all species. An average respiration rate (2.2% body @as calculated from
datacompiled in Madin and Purcell (1992) and Cetta et al. (1986). There is no published
DOC excretion rate of salps, thus DOC excretion rate for this model was averaged from
those of other gelatinous zooplankton (ctenophores and cnidarians) in Condon et al.

(2011) (0.182 m@ h'g dry body weight).

Daily salp grazing (m@ m* d™) was calculated by multiplying the volume of
water cleared by the average carbon biomass of phytoplankié@r, as

phytoplankton biomass is not significant below 1.0 Bothdaily chlorophylla and
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primary production were linearly interpolated from the monthly BATS sampling
(http://batsftp.bios.edu/BATS/bottle/bats_pigments.txt and
http://batsftp.bios.edu/BATS/production/bats_production.dat). Phytoplankton carbon
biomass wasalculated by multiplying the daily chlorophyiconcentration by a

seasonal carbon to chlorophyll ratio (C:Chl). These C:Chl ratios (g/g) were calculated
from seasonal averages of BATS chloroplaytioncentration and average seasonal
values of phytoplakton carbon from Wallhead et al. (2014), and were as follows
(months in parentheses): bavinter (JFM), 60" spring (AMJ), 52 summer (JAS), and
471 fall (OND). Speciespecific clearance rates were used when available; otherwise,
average rates for gas or family were used (Supplementary Table 1; Harbison and
Gilmer, 1976 Harbison& McAlister, 1979 Deibel 1982 Mullin, 1983 Madin & Cetta
1984 Andersen1985 Deibel 1985 Reinke 1987 Madin & Purcell 1992 Sreekumaran
Nair et al, 1995 Vargas& Madin, 2004 Hereu et a].2010). Because salps are
considered noliscriminant filter feeders (Madii974) and only cease feeding when
their internal filters become clogged at very high phytoplankton concentrations (i.e.,
above ~1 ug chd L™, Anderse, 1985 and Harbison et al986; concentrations rarely
reached at BATS), we assumed clearance rates to be constant regardless of phytoplankton
concentration. While some DVM species may migrate at different times of the day
(Madin et al, 1996), further esearch is needed to quantify these differences, and all
DVM species were assumed to graze 1@dch 24h period in surface waters. All salp
grazing rates were based on phytoplankton standing stocks, and FPP rates for this model
were independent of cal@aied grazing (see above). If grazing rates were to be used in

an energetic model or to calculate FPP, consumption of microzooplankton (such as

181



dinoflagellates and ciliates shown in Varga#adin, 2004) would also need to be taken

into consideration.
2.3Sediment trap flux

Sediment trap POC flux data (migm? day?) for sediment traps at 130, 200m,
and 300m from April 1994 to November 2011 were downloaded from the BATS
database (bats.bios.edu). Mean POC flux for traps atn5(0®841986, 19891982,and
19971998), 1500m (19841992, and 19971998), and 320én (19781998) was

calculated from Table 1 in Conte et @001).
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3. RESULTS

3.1 Sinking and decomposition rates

Mean salp carcass sinking rate was measured for 8 species ranging in aizerage
from 8mmT. democraticdo 30mm S. maxima Sinking rates ranged from 4841 m
d* and 4671002 m ¢, before and after correcting for wtiteraction effects,
respectively (Fig. 2), with a mean (corrected) sinking rate across all species ofd727 m
(n=293). The corrected rates were used throughout the model calculations. There were
weak linear correlations between salp length vs. sinking rate (p<0°090;21) and
water density vs. sinking rate (p>0.05<r0.01). We posit that sinkingteawas not
dependent on water density due to the high water content of salp carcasses, and thus there
was an equally proportional change in their body density as in the surrounding seawater
after adjusting to the new temperature. However, there weliéicaaghdifferences in
sinking rate between individual species, vitheelia cylindricg1002m d*) andSalpa
maxima(927m d*) sinking faster than the two slowest sinking specsslosalpa polae
(526m d') andThalia democratic§467m d?) (KruskatWallis ANOVA on ranks; Fig
2). Thus, the average rates of similar taxa were used in model calculations, and sinking

was not based on salp size or variance in water density.

Speciesspecific decomposition rates were calculated for species with saofficie
replication to obtain a significant exponential decay cukveofiaria, S. fusiformisnd
T. democraticg while an average of all of the wannwater experiments was used to fit a
decay curve for the rest of the species (Table 1;3yigNo measurabldecomposition
occurred over 3 days during the coldter experiments. As described in the methods,

actual measured salp weightseaivére used to adjust the calculated starting weights.
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This method was successful, as measured/modeled weight ragtweeatdistributed

normally (ShapireWilk p=0.132) and the meaatiowas 1.07 (#.27 SD). Modeled

salp decomposition was rapid within the first several hours, with 50% of the starting dry
weight lost after only 8 h. Decomposition of the subsequent 48%much longer, ~44

additional hours, with some salp biomass still present 56 h into the experiment.
3.2Grazing model

Total daily salp grazing was, on average, 0.05 mgchf d* (+ 0.003 standard
error, SE), or 26% of the chlorophyll biomas®r the 17+ year model run483 days).
However, median daily salp grazing was only 0.004 magchf d™, or 2% of the
chlorophyll biomass; this difference being driven by periodically high salp abundances.
Likewise, while salp grazing impact was tyglily low (an average of 3.9% of the
chlorophyll biomass during nelsloom salp abundances), during salp blooms, calculated
grazing was an average of 220% of the phytoplankton standing stoektires
epipelagic waters (FigtA). Grazing was also seasowalariable, with elevated mean
grazing in spring and early summer (Maghime; 6.5 mg C thd™) compared to the rest
of the year (JuhFebruary; 0.7 mg C td™). Annual grazing across the time series was
a median of 17% of thenaual primary productiofFig. 4B), with annual grazing
exceeding 100% of the primary production in 1999, 2002, and 2008. Additionally, the
proportion of primary production exported by salps was low (<0.5%) for much (86%) of
the time series, but increased to as much as 35%gdarige blooms (f§. 5B). On
average, 0.5% of all primary production at BATS, from April 1994 to November 2011,

was exported to below 200 by salps.
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3.3 Flux model results

The daily salpmediated carbon flux to 20 for each of 25 salp taxa from Alpr
15, 1994 to November 15, 2011 was computed in the model. This included fecal pellet
production (FPP) and export, sinking of salp carcasses, and respiration and DOC
excretion by DVM at depth. The total carbon flux was generally low, withrealgiated
carbon export less than 1.0 8gn? day” in 76% of the time series. However, due to the
population dynamics of salps, this low baseline was punctuated with large salp blooms
causing spikes in the flux of several orders of magnitude HrigThese salplooms
cumulatively accounted for 79% of the total modeled salp POC flux across the time
series, over half of which was produced by the blooms in 1999, 2008, and 2011. Total
salpmediated export to 200m was highly correlated with total salp grazing ¢Peabss
correlation coefficient = 0.93, p < 0.001), and averaged across the entire time series salp
carbon flux was 1.6% of the total carbon grazed by salps. The average daily salp
mediated carbon export across the time series was 2@migday’ and themedian
flux was 0.4 mgC m? day*. The largest proportion of safpediated carbon export came
from fecal pellets, with an annual average of 78% (58&mdf’ year') (Table 2). The
second largest contribution to export was from respiration at depth (E#mgC m?
year?), followed by sinking of carcasses (3%; 23 @\gi? year'), and DOC excretion at

depth (< 0.1%; 0.1 mg m? year') (Table 2).

Seasonal trends in salp carbon flux varied according to the source of the flux, and
trends were slight different dependent upon whether mean or median values of export
were considered (Fig. 6). As salp export is several orders of magnitude higher during

periodic salp blooms, mean values were much higher than median values for much of the
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model output.Mean export due to salp fecal pellets was elevated in spring and early
summer (MarchJune), while respiration and carcass carbon flux were more elevated in
late summer (Juhpeptember) (FigoA). Median fecal pellet and carcass fluxes were
elevated throug all of the spring and summer (Febru&gptember), while median
respiration peaked in late winter (February and March) and summeiSdptgmber)

(Fig. 6B). DOC excretion was negligible in all seasons. Both mean and median total

salp carbon flux werkigher in spring and summer than in fall and winter.

Five species accounted for 96% of the total-sadgliated carbon flux at BATS,
with Thalia democraticaontributing the most, followed Wyalpa asperaS. fusiformis
lasis zonariaandWheelia cylindca (Fig. 7A). The other 20 species and taxa combined
contributed the remaining 4%. This was calculated by summing the total flux contributed
by each species for the entire time series. However, when each species' annual total
contribution was averagddr each year of 1998010,S. fusiformisvas the largest
contributor to flux, followed byl. democraticaS. asperaW. cylindricg andl. zonaria

(Fig. 7B).

Overall, total annual salp carbon flux ranged widely, from 97 to 458C mg y’
1in 1997 andL999, respectively (FigA), with a mean and standard deviation of 748 +
1133 mgC m? y* for the time series. Annual BATS 2@0sediment trap flux ranged
from 5260 to 9710 mg m? y'in 2005 and 2002, respectively (F&B) with a mean
and standardeviation of 7530 + 1050 m@ m’y™*. Annual salpmediated export flux
was equivalent to a mean of 10% + 15 (rang®%) of the 200n sediment trap POC

flux over the time series (FigC).
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While there was no consistent lotegm change in total salp export over the
time series fr< 0.01), there was a periodicity to export. We performed spectral analysis
on monthly totals of salp C export to 200 and the highest spectral densities were found
at 9, 12, and 36 months (approximategtue < 0.001, Brtlett's KolmogorovSmirnov
statistic, Fuller1996), indicating total salp carbon export cycles on seasonal (9 months
between the late summer and spring blooms), annual, and interannual time scales,

respectively.

Relatively little of the total sakpxported carbon was lost as it sank through the
water column (Fig9), due to fast sinking and slow decomposition of fecal pellets and
carcasses. Average daily salp carbon flux atrB@Xross the time series was 2.3@g
m? day* and only attenuated todmgC m? day*at 3200m. This was a decrease of
only 19%, whereas average daily POC flux captured in sediment traps decreased by 92%
between 200n and 3200n (from 20.6 to 1.7 m@ m? day?). At 3200m, calculated
salp carbon (mostly from fecal pdbg was equivalent to 109% of the POC collected in

the sediment traps (Fig).



4. DISCUSSION
4.1 Carcasssinking rates

Salp carcass sinking rates varied between 467 and 1002 sidlar to the few
previously published measurements. Moseley (188&)rded a sinking rate of ~860 m
d* for an unknown species of salp, and Wiebe et al. (1979) repSaémh aspera
carcasses sank 240 m d". Lebrato et al. (2013a) fourBalpa thompsoniarcasses
sink 8001700 m &, and other gelatinous zooplanktancluding Cyaneasp., Pelagia
noctiluca Mnemiopsis leidyiand Pyrosoma atlanticumhad average sinking rates of
4001500 m &. While Lebrato et al. (2013a) found a positive relationship between salp
biovolume and sinking rate, we found no significaglationship overall between salp
length and sinking rate but that there were some significant differences between species.
In our study the smallest species of salihglia democratica did have the slowest
sinking rate. Differences between species nkisig rate other than body size could be
related to different relative sizes of the dense, phytoplariited gut or sinking

orientation of each individual salp.
4.2 Decomposition rates

Decomposition rates of salps were fast enough that while mutte @btcass carbon
would be exported out of the epipelagic, very little would reach bathypelagic depths
before complete decomposition. We found the exponential decay cod&tahall salp
species combined to be 2.2 dt 21°C, which is close to the kailatedk of 2.9 d* for all
gelatinous zooplankton using Equation 2 in Lebrato et al. (2011). However, the decay

constant forThalia democraticgk = 14.5) was much higher than that calculated for all
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gelatinous zooplankton in Lebrato et al. (2011). il&/khis may be due to a higher
surface aredo-volume ratio of the smalll. democraticacompared to larger salps,
decomposition off. democraticavas included in Equation 2 of Lebrato et al. (2011),
albeit at a lower experimental temperature of FE&FSemperé et al, 2000). Seméé et

al. (2000) observed that salp carcasses consist of a quickly decomposing, labile fraction
and a more slowly decomposing fraction, which is consistent with our experimental

results showing exponential decay.

While slowsinking salp species or small individuals, which make up the majority of
salp biomass at BATS, may decompose before reaching the benthos, less common
blooms of larger and faster sinking species would be able to reach the deep sea.
Additionally, DVM speciescould die at their daytime mesopelagic residence depth, and
thus be more likely to reach the benthos since much of the decomposition occurs in
warmer surface waters. While we used a depth horizon of salp DVM ain2@® the
purpose of our model, at leamte species of salp in the North Atlantic subtropical gyre
(Salpa asperpmigrates to depths >80@ (Wiebe et a].1979), where temperatures are
~10 °C and decomposition much slower. Thus, our estimates of salp carcass carbon

export to the deep sea aileely conservative.

4.3Grazing

Salp grazing had relatively low impact on phytoplankton standing stock and
primary production (PP) for much of the year, but periodically extremely high grazing
during salp blooms resulted in demand often exceeding phgtdptasupply, with

grazing over 100% phytoplankton standing stock and PP. Similarly, salp grazing in the



Humboldt Current averaged 16% but was up to 60% of PP @&anet al, 2000), off

NW Spain averaged 7% of chlorophyll standing stock but was as rsu€i/a (Huskin

et al, 2003), in the California current system ranged from <1 to >100% of daily PP and
phytoplankton biomass (Hereu et, 2006), and in the Eastern Tropical North Pacific
ranged from 0.01 to 3.5% of chlorophyll standing stock each dag(Hsral.2010).

The high grazing impact seen during salp blooms would only be sustained for a short
time before phytoplankton standing stocks were depleted, suggesting{ogttoontrol

and a mechanism for the rapid demise of salp blooms (Henschke2étl4)).

Seasonal patterns of grazing by salps were similar to other mesozooplankton at
BATS, with elevated grazing in spring compared to the rest of the year. Total
mesozooplankton (>64m) grazing in the Sargasso Sea was 88 mg°@ay" in
March/April 1990 (82% of PP) and 13 mg C?miay” in August 1989 (25% of PP)

(Roman et a).1993). In both seasons, salps contributed a similar proportion to the total
mesozooplankton grazing, widverage salp grazing in both March/April and August 6%

of the total grazing reported in Roman et al. (1993).
4.4 Salp-mediated carbon flux

On average, total salpediated C flux is significant compared to the POC flux
measured by sediment traps at P@Cconsistent with previous studies of fecal pellet
contributions to carbon flux in the Sargasso Sea (Steinberg 2052) and the temperate
North Pacific (Iseki1981). Annual average salp fecal pellet flux in our study is
equivalent to 7.8% of sinkingap POC flux and active transport by DVM is 1.9% of trap

POC flux. During blooms, however, salps account for a higher portion of C flux out of
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the euphotic zone, and higlbundance years can produce total-sadgliated carbon
fluxes up to 60% (as in 199 of trap POC flux at 20th. These high fluxes are mostly a
result ofThalia democraticdblooms, where daily total export fluxes reached up to 144
mg C m? d*, and these bloom fluxes are more comparable to those found in coastal
regions. For example, &dlin et al. (2006) found FPP Bglpa asperan the summer in
slope waters off New England wa®% mgC mi? night*, and Phillips et al. (2009) found
S. thompsonproduced up to 2fhg C m? day™ in fecal pellets off the Antarctic

Peninsula.

Dissolved oganic carbon flux was low compared to other sources of salp carbon
export, likely because the most abundant spetiealja democraticadid not vertically
migrate, and any DOC excretion by ADNVM species would remain in the surface
waters. However, umctainties in our applied weigispecific salp DOC excretion rate
could lead to underestimates of DOC export. There are limited measurements of DOC
excretion by zooplankton, and none for salps. We used DOC excretion rates based on
those measured for gélaous zooplankton by Condon et al. (2011). Kremer (1977) found
that DOC excretion by the ctenophdid@emiopsis leidyis equal to 61% of respiration,
and Steinberg et al. (2000) found that average DOC excretion was 31% of respiration for
several migratingrustacean zooplankton taxa and a gelatinous polychaete. Using an
intermediate DOC excretion rate of 40% of respiration, our estimates of salp DOC export
at BATS would increase to 56 n@ymi?y, or 7% of the yearly total salmediated
carbon flux. Exprimental measurements of salp DOC excretion rates are needed to

resolve this issue.
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Seasonality in average carbon export by salps can be explained by seasonality in
salp blooms, with the peaks driven by periodic large blooms. The general pattern of
higher flux in late winter and spring, and lower flux in late summer and fall, is consistent
with the general pattern of primary production at BATS (Steinberg, &08l1, Lomas et
al., 2013). Higher respiratory DVM flux in the early spring and late sumsn@ue to
seasonal increases in large, vertically migrating specie$ likesiformisn the spring
andW. cylindricain the late summer (Storge Steinberg2014). Because biomass of
salps increases by several orders of magnitude during blooms, avépaitiexea are
often driven by a few large blooms over the time series. Thus when summing across an
entire year, the difference between mean and median may not be great; however, when
summing across smaller time periods, such as a single season, tlencdéferay be

large.

Differences between salp species' effect on carbon export are primarily dependent
on the size of the salp, due to increases in FPP and respiration rates with body size, and
whether they vertically migrate. Vertically migrating spe¢®alpa asperaS.
fusiformis, Wheelia cylindrica, lasis zonari@ndRitteriella retractg produce fecal
pellets and carcasses and respire at depths already below the pycnocline, not only
decreasing the distance they have to sink, but also spendingriess tvarmer surface
waters where bacterial decomposition is faster. Carcasses from small species, such as
Thaliasp., not only sink more slowly, but also decompose more rapidly. Thus, a small
species such & democraticavould overall export less daon than an equivalent

biomass of a larger, vertically migrating species suc®. aspera However, in the
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Sargasso Sea this difference is often masked by the considerably higher biomass of

democraticeblooms compared to all other species.

There wee no significant londerm trends in total annual salp C export, which is
dependent on the frequency and size of blooms, and peaks in export every three years is
consistent with a thregear cycle ofThalia democraticgpeakbiomass (Ston&

Steinberg2014). However, there is a recorded letggm increase in total sinking POC

flux to 150m as measured by sediment traps during the high productionispriag

transition period at BATS (Lomas et,&010; although there was no significant increase
when aveaged over the entire year). Steinberg et al. (2012) also calculated an increase in
both fecal pellet POC export and active C transport by diel migrating zooplankton over
time due to a longerm increase in BATS mesozooplankton biomass (including an
increase in DVM zooplankton biomass). This contrast between increases inwinter
spring period trap flux and no change in calculated salp flux may indicate that other, non
salpmediated pathways of export are as efficient aswa@@iated ones during this

periad. Comparisons between measured trap flux and calculated flux are further
complicated by sediment traps not reliably capturing exported particles from spatially and

temporally variable salp blooms.

Salps contribute an increasingly higher proportion ek@ort with increasing
depth compared to sinking POC flux measured with sediment traps. At,280p flux
only accounts for 11% of the daily POC flux on average. Comparatively, average daily
POC flux at 3200n of 1.7 mg C rif day* at BATS (Conte etlg 2001) is less than our
calculated salp flux of 1.9 mg Chalay’ at that same depth. This high amount of salp

carbon reaching the deep sea has been directly observed on one occasion in the
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northeastern Pacific, whereSalpasp. bloom deposited largenounts of fecal pellets

and carcasses to the seafloor (~460dSmith et al.2014). However, Shatova et al.

(2012) quantified zooplankton fecal pellets in traps at 500, 1500, anch8208ATS in

2007, and found that FP carbon only contributed 4.6%eototal carbon flux at 320,

much lower than our calculated values. Additionally, they found that fecal pellets are
subject to high rates of recycling and repackaging in the deep water column. Our higher
estimates of deep salp export may be explhiny: including carcasseshich baffles on
sediment traps are likely to exclude, including DMMhich is not measured by sediment

traps, and not including scavenging and consumption of salp fecal pellets and carcasses.
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5. SUMMARY AND CONCLUSION

Salppopulations in the oligotrophic Sargasso Sea play an important role in
transporting carbon from the epipelagic zone to the deep sea. The primary source of salp
mediated carbon flux is the sinking of fecal pellets, but contributions from respiration at
depth by diel vertically migrating species and sinking of salp carcasses are also
important. Salp carbon flux is relatively low for much of the year, punctuated by several
orders of magnitude higher fluxes during periodic population blooms, especially in
spiing. Salp grazing follows a similar pattern, with relatively low levels of grazing
interspersed with removal of 100% of phytoplankton standing stock and PP during
blooms. Thalia democraticas the highest contributor to salp flux, but due to its small
size and absence of vertical mi gration, most
fecal pellets. Larger species that vertically migrate (su@abm fusiformisS. aspera
lasis zonariaandWheelia cylindricarespire carbon consumed in the epggic in the
mesopelagic zone, and produce carcasses at depth that can reach the benthos (Cacchione
et al, 1978 Wiebe et al 1979). While low and high periods of salp flux average out to
be a small percentage of total flux captured annually in sedlimmegrs aR00 m salp flux
contributes a much higher percentage of the total flux in the bathypelagic zone, mostly

due to slow decomposition and fast sinking of fecal pellets and carcasses.

Future changes in the diversity and abundance of salp popmsliabold affect the
efficiency of the biological pump in the Sargasso Sea. As shown in Stone and Steinberg
(2014),Thalia democraticandCyclosalpa polagopulations have increased, ahd

democraticabiomass was thre®ld higher within cyclonic eddiethan outside eddies. If
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these population increases continue, carbon flux would significantly increase, especially

to the bathypelagic and bentlioarbon sequestration depths.
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Table 1: Warmwater decomposition rates for three species of salps and for all measured
species combined. The equation solves for the percent (P) of the starting salp dry weight
remaining aftet hours. Decompaon follows an exponential decay curve, with a faster
decay rate followed by slower decomposition.

Species Equation R? p

lasis zonaria P =108::€( — 0.033:t) 0.67 < 0.001
Salpa fusiformis P =101::e{ — 0.164::t) 0.87 <0.001
Thalia democratica P =95::€{ — 0.605::t) 0.84 < 0.001
All species combined P =104::€{ — 0.090::t) 0.64 <0.001




Table 2: Average annual carbon flux from the 9 largest contributors to flux and all other species combined. Shown are fluxes of fecal
pellets, sinking of dead carcasses, respiration at depth ofvéigical migrators, and the total of those three categories. Values are in
mg carbon rif year!, and + standard deviation. DOC excretion is less than 0@ mgyear* for all species combined.

Species Fecal pellets mg Cm 2 year ! Carcasses mg C m 2 year ' Respiration mg C m 2 year ' Total mg Cm 2 year !
Thalia democratica 417 + 1160 04+11 0 418 + 1160
Salpa aspera 60.9 + 117 7.6 +14.0 584+ 112 127 + 243
Salpa fusiformis 479+ 429 6.5+5.8 46.0 + 41.2 100 + 90
lasis zonaria 18.3 +24.7 39+55 14.5 + 19.6 37 +50
Wheelia cylindrica 104 + 26.7 1.3+28 18.9 + 48.6 31+78
Salpa maxima 13.0 + 50.1 11+43 0 14+ 54
Pegea confoederata 6.7 +17.6 04+1.2 0 71+19
Pegea socia 4.9+ 16.1 0.9 +31 0 59+19.2
Ritteriella retracta 19+3.6 0.2 +06 1.3 +3.1 3.5+81
Other 48 +51 0.6 + 0.5 0 53455
Total 586 + 1140 23.0+ 195 139 + 126 749 + 1130
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Figure 1: A summary of the model. Black boxes indicate forced values from BATS data (phytoplankton biomass, salp biomass, and
salp diel vertical migration), red boxes indicate modeled rates (grazing, fecal pellet production (FPP), sinking caspaates, r
dissolved organic carbon (DOC) excretion, and decompositgoeg¢n boxes indicatautputs (shallow and deep salp carbon), and blue

arrows indicate carbon flow.
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Figure 2: Mean carcass sinking rate for eight species of salps, arrangethfgest salp

on the left to smallest on the right. Open circles are theimtallaction corrected values

of the measured sinking rates (filled circles). Error bars are standard error, and n for each
species is in parentheses after name.
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Figure 3: Pecent of starting salp dry weight remaining after decomposing in surface
waters. Data from 7 species and 96 individuals were used to fit the exponential decay
regression. Experiments were carried out in March, May, and August of 2014 using
surface waterhat ranged from 123 °C.
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Figure 4: A) Daily chlorophyll a concentration (blue) and calculated amount of
chlorophyll a grazed by total salps each day (black). B) Annual primary production
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Figure 5: A) Total salp daily carbon flux to 20@ (green) and 320 (blue) at BATS.
Total flux is from all salp species and is combined fecal pellet expuking of salp
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Percent calculated total salp flux of daily primary production (integtatéd0m).
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Figure 6: Seasonal variation in the salp flux to 2000f carcasses (red), fecal pellets
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the entire time series.
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Figure 7: The percent of the total salp carbon flux at 80@r each of the top 5 species at the BATS site for (A) the sum of each

speciesd6 contribution across t h eercenncontribugon foryeaes 199810.i es and ( B)
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