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ABSTRACT

Food web theory has uncovered several structurgmtterns of carbon flow, that
increase food web persistence. However, empirtaaliss focused on these structures
have been largely restricted to temperate anddabpreas. In the present dissertation, |
sampled the food web of Cumberland Sound, Nunawihg summer (August) and
winter (April) of 2007-2009 and used stable isof®l:5"°N, 5°C) and fatty acids (FA)
to identify whether this arctic food web exhibitixe following structures: 1) spatial
resource coupling, 2) individual diet specializatend 3) temporal resource coupling. |
first identified that the FA profile of a key arctherbivore Calanus hyperboreus)
consistently differed between summer and winter twe years (e.g. higher 18:1n-9 in
winters vs. summers), which aided in the intergi@teof FAs in upper trophic levels. |
then tested for the presence of spatial resourggliog in the summer food web. Based
on &"°N-derived trophic positions ari*C-derived % reliance on phytoplankton (vs.
macroalgae), lower trophic levels fed predominaatiyone of two resources and upper
trophic levels used multiple resources, suppottivegexistence of spatial resource
coupling. Following a preliminary analysis compari@reenland sharksgmniosus
microcephalus) and prey FAs, inter-tissue differences in Greealshark 22:5n-3 among
muscle, liver and plasma revealed that some indatidharks fed on consistent
resources, but that the extent of individual dpetcsalization varied over time. Individual
Greenland sharks were therefore concluded to feeaeralists, which is consistent
with the finding that Cumberland Sound consumetsdaas spatial resource couplers.
Finally, Sls and FAs revealed that ~50% of Cumlmeti&ound species switched their

diet between summer and winter. A literature reveenfirmed this temporal resource



coupling by consumers on a pan-arctic scale. Oyetalictures of an arctic food web
agreed with those predicted by recent food webrthenich that spatial and temporal
variability in resource abundance and consumelirigdaehaviour are likely important
for arctic food web persistence. In this conterly eesult of climate warming that acts to
synchronize resource dynamics or remove consurseuree coupling could decrease

the persistence of arctic food webs.
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CHAPTER 1

GENERAL INTRODUCTION



BACKGROUND AND RATIONALE
Food web ecology: beginnings and recent advances

Food webs are complex networks of trophic intéoastthat describe who eats
whom in an ecosystem (Pimm 1982). From groundbnggikisights by Elton (1927), that
biomass decreased with each successive trophiclsteleman (1942), that energy was
lost at each consumer-resource interaction, antstgai et al. (1960), that consumers can
regulate community structure, arose a rich ardaaif web research. Much of this
research has focused on integrating food web sir@igtith mechanisms that promote
food web persistence, or the continued existendéeaaf webs through time (MacArthur
1955; May 1973; Yodzis 1981; Worm and Duffy 2003arly food web ecologists
revealed that food webs do have 'structure’, dtepe of carbon flow within a food web
that arise from consumer feeding interactions, idadtified several food web structures
that were common across a range of habitats (srgnR982; Briand and Cohen 1984;
Cohen and Briand 1984). For example, food chaing wensistently found to be short (<
4 trophic levels, Pimm et al. 1991) and omnivorysweanerally considered rare (Pimm et
al. 1991). Most of these patterns, however, wesaddao be artifacts of the data used to
generate them, and food webs were criticized forgoeverly simplified, highly
aggregated and quantified without attention toiapatale (Winemiller 1990; Polis 1991;
Paine 1988).

Following the criticism of early work, ecologidiegan to collect more
biologically meaningful food web data that wereslaggregated and that heeded scale
and the biology of individual species. This nexte/af food web research gave rise to
the now widely accepted perception that, withindegebs, omnivory is common (Isaacs

1973; Polis 1991; Polis and Strong 1996) and resouse varies with time and space



(Winemiller 1990; Polis et al. 1997; Akin and Windler 2006). Polis et al. (1996, pg.
454) summed up their view of the past and futureations of food web ecology as
follows:

"We could view this [early] body of work as the fruition of the first historical phase in

the development of food web ecology. We firmly believe that progress toward the next

mature phase of food web studies mandates grappling with the complexities of spatial

processes, temporal heterogeneity, and life history strategies. These strands must all be

interwoven into a broad conceptual framework to arrive at a deep understanding of

food web structure and dynamics.”

Three major advances in food web theory have Wmousg closer towards this

'‘broad conceptual framework’ by linking observed&tres with food web persistence,
while explicitly incorporating complexity, spatiptocesses and individual traits. These
recently identified food web structures, found tormote persistence, are: 1) spatial
asynchrony in available resources and the couplirigese resources by consumers (Fig.
1.1, also referred to as multi-channel omnivorygd&aoncoeur et al. 2005; Rooney et al.
2006; McCann and Rooney 2009), 2) individual dpetcsalization (Fig. 1.2, Bolnick et
al. 2003; Bolnick et al. 2011) and 3) the couplaigemporally asynchronous resources
by generalist consumers (Fig. 1.3, McCann et &520ased on theoretical models, the
1st and 2nd structures (spatial resource couphagradividual specialization) increase
food web persistence (details provided under 'Foell structures studied' section) and
are common in terrestrial and aquatic food websfimpical and temperate latitudes
(Bolnick et al. 2003; Rooney et al. 2006). The Srdicture, temporal coupling of

asynchronous resources, is thought to impart gersis to food webs in a similar manner



to spatial coupling (McCann et al. 2005), but femp&ical data have been collected to
explore its prevalence in food webs.

The three aforementioned structures, and theacés®ed mechanisms that
promote persistence, can be viewed as a currameéfivork’ for food web ecology.
Considering the three components of this framevagkther, it becomes clear that a
common thread is variability, which can be defimsdthe quality, state, or degree of
being variable or changeable, the quality of beingven and lacking uniformity
(http://www.thefreedictionary.com/variability). Sl and temporal coupling of
resources (i.e. structures 1 and 3 above, Figsarid11.3) is contingent upon different
resources varying in their availability (McCanra&t2005; Rooney et al. 2006) and
individual specialization (structure 2, Fig. 1.@hich can have large-scale effects on
food webs (Bolnick et al. 2011), only arises whedividuals vary in their selection of
resources. Interestingly, however, there has h@ndiscussion of how temporal
environmental variability fits into this currentdd web framework. Ecologists have long
noted that abiotic, environmental factors affectiugrs of animals (Andrewartha and
Birch 1954). Temporal variability in abiotic conidihs, and species responses to this
variability, have since been incorporated intottieories of competitive coexistence
(Chesson and Huntly 1997) and community regulaiid@nge and Sutherland 1976).
However, it remains unknown: do spatial and temipayapling and individual
specialization arise and promote food web persigt@ven in environments that
experience drastic temporal changes in abiotic itiong and primary production?

In this dissertation, | seek to identify whethwee three structures, recently

identified by theory and observed in temperate ales (i.e. Fig. 1.1-1.3), arise in a



seasonally variable marine environment (CumberBmand, Baffin Island, Nunavut).
The goal of this dissertation is to incorporatepenal heterogeneity into our
understanding of what structures impart persistéméeod webs. To do so, observed
structures in an arctic marine food web will be panmed with those predicted by recent
theory (Figs. 1.1-1.3). Results of this dissertatioe important for identifying: 1) what
mechanisms promote persistence in food webs frompdeally variable environments,
and 2) on a larger scale, how universally importaatthese structures to food webs in
general? Because polar seas are experiencingoaftere web structure as a result of
warmer temperatures and less ice cover duratiocidi et al. 2010; Wassmann et al.
2011; Weslawski et al. 2011), the answers to tlyeestions are especially pressing.

In the following section, several terms are definethe context of their use in the
present dissertation and brief summaries of theetfwod web structures studied are

provided.

FOOD WEB STRUCTURES STUDIED

Defining terms
Several terms used here do not have equivocalingsarand require explicit

definition based on their use in the context o thissertation. 'Structure' is defined as a
pattern of carbon flow that arises within a foodoves a result of feeding interactions
among consumers. '‘Resource asynchrony' occurs nvbiiple resources vary out-of-
phase with one another, that is, when one is isangahe other is decreasing, or when
one is very abundant, the other is more scarceabhigy of consumers to act as
‘couplers’ of this resource variability, in spacéime, refers to the ability of a species to
consume or ‘couple’ an abundant or increasing res@nd to abandon or 'decouple’

5



from a declining resource. Finally, 'stabilityasontentious, ambiguous and often poorly
defined term in ecology with a myriad of meanin@sithm and Wissel 1997). However,
its widespread use in the ecological literaturel, simecifically in relation to food web
structure and mechanisms of 'stability’ (MacArth@65; May 1973; Yodzis 1981;
Rooney et al. 2006), make it difficult to avoid itse entirely. In the present dissertation,
'stability’ is most often avoided for the more ésipkerm ‘persistence’, because the goal
of the present dissertation was to shed light anesstructures of food webs in seasonally
variable environments that could promote their igggace (i.e. continued existence). As
defined by Grimm and Wissel (1997), 'stabilityaisnore general 'short form or
substitute' for a broad group of 'stability propes'tthat include constancy (e.g. when
changes in population size are bounded), resilig¢ineyreturning to a reference dynamic
after a disturbance) and persistence (i.e. comgto exist through time). Thus,
'stability’, when used in the present dissertatiefers to this group of 'stability
properties', not to one concept or idea.
Structure 1. Coupling of spatially asynchronous resources

Resources from one location are known to act bsidies for consumers in
different locations (Polis et al. 1997; Polis etl&196; Winemiller 1990; Polis and Strong
1996). Rooney et al. (2006) developed this idethéur and found, using mathematical
models, that the most stable food web configuratemose when: 1) resources differed in
their production and biomass turnover (i.e. wheea was 'fast' (phytoplankton) and one
'slow’ (detritus)), and 2) when consumers coupéat-§low 'resource compartments’,
which arise when lower trophic levels tend to fpeedominantly on one basal resource

(Rooney et al. 2006). Based on a comparison olutarjand 4 terrestrial food webs,



food webs were in fact structured in a similar nmerto theoretical predictions, such that
lower trophic levels tended to derive their engoggdominantly from one of two basal
resources (e.g. phytoplankton and detritus in agggstems), generating ‘'resource
compartments', which were then coupled by uppg@himlevel consumers (by moving
across spatial landscapes, feeding on abundaniroesoin different resource
compartments, Fig. 1.1). Such a structure is $tafg because the asynchrony of
resources (i.e. arising from their fast and sloadpiction and biomass turnover) provides
a stable food base for consumers (Rooney et ab)2@80s0, the ability of consumers to
move to areas with abundant resources and leass afith scarce or declining resources
imparts a flexible nature to food webs, by allowstgrce resources to recover (Rooney
et al. 2006). The conclusion that the spatial cogpdf asynchronous resources is
important for food web persistence has major ingpians for inferring underlying
processes based on observed structures of realvelbsl However, it remains unknown
if such structures exist in temporally variableghly seasonal environments.
Structure 2. Individual specialization

Based on the above work, generalists are impoftamoupling resource
compartments in food webs (Rooney et al. 2006). él@n, an increasing body of
literature has revealed that populations of gerstsd(i.e. those that consume a wide
range of resources) are commonly composed of ishaay specialists' that specialize on a
subset of the populations' total resources (FR).€.g. Svanbéack and Bolnick 2005;
Bolnick et al. 2007; Araujo et al. 2011; Bolnickadt 2011; Matich et al. 2011). Because
higher phenotypic variability can lead to a larggnge of resources used by the

population, populations composed of individual $alests can have wider niches and



interact with more species than populations comgho$éndividual generalists (Bolnick
et al. 2011). In this way, high individual specaliion within a predator population
should increase connectivity at the food web lewvel decrease the strength of any one
predator-prey link (because only a subset of thmuation participates in any one
interaction with another species). Because wegihtcanteractions are important for
food web persistence (McCann et al. 1998), higlviddal specialization in a predator
population would be expected to increase food webigtence (Bolnick et al. 2011).
However, a predator population with high individspkcialization would also be less
likely to couple resources in space (Bolnick efall1; Matich et al. 2011). Thus, any
consideration of what structures exist in food wibgromote their persistence should
also consider the extent of diet variability at xeel of individuals. It is currently
unknown if consumers inhabiting seasonally varigneronments, like arctic seas,
which would be predicted to feed as generalistsc@dnur 1955), exhibit individual
specialization.
Structure 3. Coupling of temporally asynchronous resources

Spatial and temporal processes are intricateketinPolis et al. 1996). Similar to
the mechanisms described above for space, rescaneésown to vary in time, and
consumers are considered able to respond to thabuay by switching their diet to
exploit abundant prey (Polis et al. 1996; McCanale2005). Several detailed studies
have categorized how food web properties vary vtuitle (Winemiller 1990; Johnson et
al. 2009), but few studies have attempted to iflemthether temporal structures arise
and act to promote persistence in a similar matm#rose recently identified in space

(i.e. Fig. 1.1, Rooney et al. 2006). Extrapolafirggn spatial food web theory (Rooney et



al. 2006), these stabilizing structures in the terapdimension are: 1) multiple resources
are present and vary asynchronously through tireegs one resource is declining,
another becomes abundant) and 2) consumers slesddird to such variability by
switching their diet in time to exploit abundantisabandon declining resources (Fig. 1.3,
McCann et al. 2005). Temporal resource asynchramyldvprovide a consistent resource
base to consumers during both productive and nodugtive times. The ability of
consumers to switch their diet to exploit abundasburces would allow them to
maintain biomass, and food webs to maintain ditsgreven during non productive times
(Polis et al. 1996; McCann et al. 2005). Howeveryvew empirical data exist to
determine if temporally asynchronous resourcesrafi@ct coupled by consumers in real
food webs, although this structure could be equeslymportant for food web persistence

as spatial resource coupling (McCann et al. 200%s et al. 1996).

THE ARCTIC AS A MODEL SYSTEM

Arctic seas are among the most temporally variabhléronments on earth,
experiencing seasonal changes in light, temperateeover, and salinity, as well as
random perturbations from storms and floods (WaB®8). Primary production occurs
only during a short 1-3 month window in the sumifWwalsh 2008), and some arctic
marine ecosystems experience no primary produdhimmg upwards of 90% of the year
(Weslawski et al. 1991). This long separation betweeriods of primary production is
what sets arctic ecosystems apart from northerimmarcosystems, where, although
seasonality occurs, the duration separating proguperiods is much shorter
(Weslawski et al. 1991). Thus, arctic animals niiesadapted not only to cold
temperatures, but to drastic temporal variabilityasources (Clarke 1983). The arctic is
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therefore a fruitful location to investigate hovghitemporal environmental variability
affects the feeding behaviour of individuals, eydigw among species and the existence
of spatial and temporal coupling by consumers.

Previous work has stressed the importance of pigm&ton as a resource for both
benthic and pelagic consumers in the arctic dutiegsummer (Renaud et al. 2011;
Forest et al. 2008). However, the importance oéotutochthonous energy sources, like
benthic macroalgae, has been largely ignored iticageas (but see Dunton and Schell
1987). It is therefore unclear how species exptsdao carbon sources (e.qg.
phytoplankton and benthic macroalgae): a) seldgtfeed in one or both of these energy
channels or b) partition resources within thesanalels.

Because the arctic tends to have lower diverkdy temperate or tropical
systems (Hillebrand 2004), one might expect lowezrt and higher intra-specific
competition in upper trophic level species; theifre' for individual specialization
(Svanbéack and Bolnick 2005). On the other handaruggms inhabiting variable
ecosystems that experience resource limitation dvbalexpected to feed as generalists
(MacArthur and Pianka 1966). Several marine consymopulations from temperate
latitudes exhibit individual diet specializatiorissfes et al. 2003; Matich et al. 2011). No
study to date, however, has explored the existehoelividual specialization in an arctic
marine predator.

High seasonality is a major characteristic ofiarateans, but sea ice cover makes
sampling arctic marine organisms during winteridifft. As a result, unlike more
temperate areas (Akin and Winemiller 2006), fevd&ts have quantified differences in

structure of entire food webs between times of opater (i.e. summer, abundant
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phytoplankton) and ice cover (i.e. winter, no pniyngroduction) (e.g. Sgreide et al. 2006
studied summer-winter diet of pelagic food web; &ehet al. 2011 studied seasonal
changes in benthic food web). It therefore rembiirgely unstudied how entire arctic

food webs respond to the absence of primary prazhuct

DISSERTATION OBJECTIVE

The objective of this dissertation is to unite ourrent understanding of energy
flow in a highly seasonal system with the framewgekerated from recent food web
theory by:

1) Assessing patterns of energy flow in space ené &mong arctic consumers
2) Comparing observed patterns to those predicted theory (Figs. 1.1-1.3)
The null and alternate hypotheses for this objectire:
Ho: patterns in a highly seasonal system = predliptgterns
Ha: patterns in a highly seasonal systepredicted patterns

In this dissertation, | make use of the principlat ‘pattern is generated by
process' (pg. 682, Paine 1980). Specifically, basedbserved patterns in resource use
among arctic consumers, and how these patternsarempth and deviate from
theoretical predictions, | hope to shed light oratmmechanisms underlie structure and

impart persistence to arctic food webs.

METHODS

Chemical tracers, including stable isotopes obear@®'*C) and nitrogend°N)
and fatty acids, are useful tools for investigaithgnges in food web structure because

they provide information about how organisms aagessential biomolecules (e.g.
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protein, fatty acids) necessary for energy andigalvThese biomolecules are
incorporated into the tissues of a predator ovee tiand therefore provide an integrated
view of an organisms diet that is more dynamicature than the more static view
provided by stomach contents (Peterson and Fry;10B7e et al. 2003). Additionally,
because different tissues have different turnaweeg, analyzing chemical tracers of
multiple tissues can be used to identify long-téstaw turnover, e.g. muscle, MacNeil et

al. 2006) and recent (fast turnover, e.g. bloodmpk Kikela et al. 2009) diet.

Values of3'3C often differ between certain primary producersiarine
environments, like phytoplankton and ice algae @wband Welch 1992). BecauSeC
increases only moderately between a food sourcaaotisumer's tissues (i.e. 0-1%o,
Post 2002), it can be used to identify a consumeliance on two isotopically distinct
resources (France 1995). The mechanism drivingrifit5**C values between basal
resources in different ecosystems is fairly wethm, and arises due to differences in the
fractionation during uptake of G@rom the atmosphere (land plants) or dissolved CO
from the water (aquatic plants). C3 plants areniost selective againsiC and
subsequently are isotopically lighter than lesedale C4 plants (Peterson and Fry
1987). Because dissolved i the oceans is heavier than atmospherig @0e to an
equilibrium reaction between G@nd HCQ)), phytoplankton have high&fC than
terrestrial C3 plants and typically had&C values between -23 and -20%o (terrestrial C3
plantsd™C ~ -28%.) (Peterson and Fry 1987). Within aquatic gstesns3C further
discriminates between primary producers, becaugmplankton tends to be isotopically
lighter than benthic algae (Hobson and Welch 1983y due to the effect of a benthic

boundary layer on the latter, which limits €&vailability (France 1995). The
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mechanisms driving enrichment 6€ between a consumer's tissues and its food source
is less well understood, but is likely attributedéspiration of isotopically light COor
excretion of isotoically light waste products tlahtain carbon (e.g. urea in sharks)

(Peterson and Fry 1987).

Values of3™N are used to assign trophic positions to consuimecause they
typically increase by 3-4%. between a food sourakanonsumer's tissues (Post 2002).
The calculation of trophic position based®rN is somewhat contentious because it is
based on several assumptions. Firstly, trophictieostalculations requird™°N values
from a system-specific baseline organism thatssiaed to represent a time-integrated
signature of the primary producer (Vander ZandehRasmussen 1999). Filter-feeding
primary consumers are useful for this purpose bexthey are slow growing, assumed to
incorporate short term fluctuationsaffN, and therefore provide a time-averaged

baseline value for a given ecosystem (Vander ZaaddrRasmussen 1999).

Perhaps the largest and most contentious issueusiingd"°N-based trophic
positions, however, is the uncertainty surroundligg-tissue discrimination factors (Caut
et al. 2009). For example, theSEN can be taxa- and tissue-specific, such that amply
a value derived from a literature review (Post 2082y be inappropriate (Caut et al.
2009). Values oA™N can also vary with th&"°N of the food (Caut et al. 2009; Dennis
et al. 2010), with starvation (Olive et al. 2008davith growth (Hesslein et al. 1993).

The latter two issues are relatively well underdt@nd the concern is that two animals
eating the same food could differ in th&tPN due to differences in growth rates (because

fast growing animals tend to have much [oW&N). On the other hand, starving animals
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tend to have highe¥™N andA™N than actively feeding animals because starving
animals obtain a smaller amount'&l from the diet to balance that lost via excretion
(Olive et al. 2003). Despite the uncertainties iiiittionation values, stable isotopes are
still an incredibly useful tool, allowing researchi¢o track sources of carbon up the food
chain (Fry and Sherr 1984). Thus, with caution, biorad analysis o®*°N andd"*C

allows researchers to study both vertical (tropusitions) and horizontal (carbon

sources) aspects of food web structure (e.g. F8g;1bobson et al. 2002).

The other dietary tracers used in this dissertaierfatty acids, which serve
many functions in eukaryotes, including energyager cell membranes structure,
immune responses, and hormone signaling. Similataiole isotopes, fatty acids reflect a
long-term, incorporated view of an animals' dige(son 2009). Some fatty acids are
essential for proper functioning of animals, inéhglarachidonic acid (ARA, 20:4n-6),
eicosapentaenoic acid (EPA, 20:5n-3) and docosahei@acid (DHA, 22:6n-3) (Arts et
al. 2001; Kainz et al. 2004; Parrish 2009). Onbjaal and bacteria are capable of
synthesizing the precursors of these essentigl daitls (linoleic acid (LIN), 18:2n-6,
alpha-linoleic acid (ALA), 18:3n-3, Arts et al. 200 Most marine fishes are thought to
have limited ability to elongate ARA, EPA and DH#1n LIN and ALA in amounts
sufficient to meet their needs (Mourente and Todl®&3). These fatty acids must
therefore be obtained in the diet by marine consspasd are useful as dietary indicators
(Dalsgaard et al. 2003). Other fatty acids areuldef distinguishing between basal
resources. For example, diatoms tend to be hidléibn-7 and bacteria are high in

branched and odd-chain length FA (e.g. 15:0) (8eret al. 2008).
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One major consideration with the interpretatiofiadfy acids as dietary indicators
is that animals will modify dietary fatty acidsnteet their specific needs (e.g. through
chain elongation or shortening) (Cooper et al. 20B6wever, it is widely accepted that
the fatty acid profile of a consumer is greatlyeated by the fatty acid profile of its diet
(Iverson 2009) and fatty acids have been succégsipplied to delineate the diet of
marine consumers including zooplankton (Sgreidg. &008), fish (Budge et al. 2002)

and sharks (Schaufler et al. 2005).

All samples for stable isotopes presented in tlasaitation were stored at -20°C
until analysis and treated with the same pre-amajfy®tocol (i.e. lipid extraction in 2:1
chloroform: methanol) as previously described (Makkeet al. 2009). Only samples
with high CaCQ, like amphipods (e.gsammarus oceanicus) and snailsl({ittorina spp.),
were acid washed prior to stable isotope analysisig 1M HCI) (for details, see Chapter
3). Stable isotopes were analyzed on a continulousi$otope ratio mass spectrometer
(Delta V Advantage, Thermo Electron) at the Grealtds Institute for Environmental
Research, Windsor, Ontario. Fatty acid samples atered at -80°C until analysis and
were all separated using a Hewlett Packard 689@@pled to a Flame lonization
Detector at the National Water Research Institatelington, Ontario (see Chapter 2 for

detailed analytical methods).

STUDY SYSTEM
Sampling for this dissertation was conducted in Geriand Sound, located on

the east coast of Baffin Island, Nunavut, Canadhés & an appropriate test system for

the research presented in this dissertation fagrag¢veasons. First, results should be

15



comparable to several previous arctic studies tscfords are a common feature of
arctic regions (Hop et al. 2002; Svendsen et &228lop et al. 2006; Wlodarska-
Kowalczuk et al. 2009). Summer water column prinagduction at sampling areas in
Cumberland Sound (e.g. range July - August 2008528.4 mg C rffiday?, J. Brush et
al., unpublished data) is similar to other locasiamthe Canadian arctic (Klein et al.
2002). Further, common arctic fauna inhabit CungetiSound, from zooplankton like
Calanus hyperboreus, to fishes like arctic charGélvelinus alpinus) and pinnipeds like

the ringed sealRusa hispida). The ability to compare results from Cumberlaodi®i to
other areas is important because much arctic megsearch to date has been fragmented
and regional and there is a call for researchedsaw similarities among arctic locations
(Carmack and Wassmann 2006). The goal of a ‘paicanew is the ability of

researchers to make generalizations about howitertaas can be expected to change
with climate warming (Carmack and Wassmann 2006is @issertation should

contribute to that goal because, in Chapter 6, wata compiled from throughout the
arctic to assess the prevalence of biomass chamgediet switches between summer and
winter.

Second, the eastern coast of Baffin Island isadlyeexperiencing changes
associated with climate warming (Kahru et al. 20d4rid there is an immediate need to
structure food webs and identify how consumersuaneg resources during both
productive and unproductive months. The final reaSamberland Sound is an
appropriate study system is logistical, but stiipprtant to the goal of this dissertation. A
winter turbot Reinhardtius hippoglossoides) fishery exists in Cumberland Sound that

allowed access to winter communities without the afsan ice-breaker ship, which are
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the most frequently used method to sample offshorec environments (e.g. Hobson et
al. 2002). As a result, knowledge regarding inshooastal arctic food webs, especially
in winter, is extremely limited. The ability to sata in generally the same location
(within 30 km of land) during summer and winter yided a unique data set with which
to explore a similar community in both summer aniter.

The areas sampled in Cumberland Sound were lodateetly below the arctic-
circle, but experience arctic conditions, and meglder temperatures than similar
latitudes in the Norwegian Sea, for example, dubednfluence of the Gulf Stream on
the latter. Cumberland Sound is influenced by atttic (i.e. Baffin Island Current) and
Atlantic (i.e. Greenland Current) water masseskgxitand Gilbert 1989). Subsequently,
the fauna of Cumberland Sound is of both Arctic Atldntic origin (Aitken and Gilbert
1989). Cumberland Sound is covered by sea ice dow@rapproximately November
until June or July. Temperatures in surface sunwaters are generally at least 3°C
(Mathias and Keast 1996), but can decrease bel@RGIln winter (Simonsen and Treble
2003). Summer in this part of the world occursuly &ind August, when waters are ice-
free and pelagic primary productivity is at its bé&rainger 1971; Hsiao 1988, 1992).
Winter occurs in December-March, when water colymmary production (Hsiao 1988)
and phytoplankton cell biomass (Hsiao 1992) aredoabsent.

Five sampling trips were conducted: three durimgmer (August 21-27, 2007
and August 10-15, 2008, August 10-17, 2009) anddwing winter (April 10-11, 2008
and April 4-8, 2009). Sampling was conducted duAngust and early April to capture
resource use by consumers (inferred through sisdlepes and fatty acids) during

summer and winter, respectively. Sampling for thésertation was conducted within or

17



up to 30 km outside the mouth of Pangnirtung fjohne, location of the Inuit settlement of
Pangnirtung. In summer, Pangnirtung fjord expemsrfceshwater inflow from River
Duval, as well as from melting permafrost and glesupland, although the quantity of
freshwater entering Pangnirtung fjord has not lpeantified. Pangnirtung fjord
experiences large tides, up to 7m, and wide (l§D@m) intertidal flats consisting of
sand, gravel, boulders and large growths of thevbnmacroalga&ucus characterize the

shores of Pangnirtung fjord (Aitken et al. 1988).

PREDICTIONS AND HYPOTHESES

Regarding the null and alternate hypotheses ferdissertation (Ho: patterns in a
highly seasonal system = predicted patterns, H#enpa in a highly seasonal systém
predicted patterns), | expect that patterns irgaliziseasonal system will deviate from
those predicted by recent theory (see Figs. 1.1et.Predicted patterns'’). The rationale
for this prediction is detailed in the followingttine of each data chapter.

Chapter2: Seasonal Patternsin Fatty Acids of Calanus hyperbore{€opepoda,
Calanoida) from Cumberland Sound, Baffin Island, Nunavut (Marine Biology (2012)
DOI 10.1007/s00227-012-1889-6)

| first explore seasonal variability (i.e. summaer winter) in fatty acids of an

important arctic organism, the herbivorous cope@alknus hyperboreus, over two
consecutive year€. hyperboreus forms a crucial link between phytoplankton and uppe
trophic levels and is directly eaten by many spe¢eoplankton to baleen whales) (Falk-
Petersen et al. 2007). Thus, prior to exploringféeeling behaviour of upper trophic

level consumers, it was prudent to first explorevHatty acids varied in this key arctic
consumer, both with season and between yearsislchiapter, | will explore which fatty

acids are altered . hyperboreus between summer and winter. This work will provide
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important information about the consistency ofyfaitids made available to upper
trophic levels over two years, and whether the@®apattern in fatty acids of a key
arctic herbivore is similar between two years vdiffierent times of ice break up (ice
broke up earlier in 2007 than in 2008).

Chapter 3: Coupling of macroalgal and phytoplankton energy pathways by consumers
inhabiting a seasonally ice-covered fjord (anticipated submission date April 24, 2012 )

Next, | ask the question: do arctic marine congsreampled during the
productive period couple two disparate resourcepate, as predicted by recent food
web theory (Fig. 1.1, Rooney et al. 2006). Spedlific | explore the importance of
phytoplankton vs. macroalgae to invertebratespstte elasmobranchs and pinnipeds
sampled during summer (August) in Cumberland Saugiilg stable isotopes and fatty
acids. The hypotheses for this chapter are:

Ho: Lower trophic levels will restrict their feedjro either phytoplankton or
macroalgae, and upper trophic levels will consuneg from both resource
compartments, evidenced by intermediate valués®ef-derived % reliance on
pelagic carbon and fatty acids (i.e. predictedgpatt observed pattern)

Ha: Lower and upper trophic levels will have simifalues o®"*C-derived %
reliance on pelagic carbon and fatty acids, inthgglittle spatial resource coupling
(i.e. predicted pattera observed pattern)

The theoretical prediction is that lower trophigdeconsumers will partition resources in
space (i.e. feed predominantly on either phytogtamlor macroalgae) and that upper
trophic levels will couple these resources by fegdn both resource compartments (Fig.
1.1). Due to the dominance of phytoplankton iniarctod webs (e.g. Renaud et al.

2011), | expect that the structure of an arctiadfeeb will deviate from this prediction,
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and that both lower and upper trophic level conssmall depend on carbon that
originated from phytoplankton (i.e. low couplingspace, Fig. 1.1.). This result would
support the alternate hypothesis of this dissertatiat observed patterns in an arctic
food web deviate from those predicted by recerdrthe

Chapter 4: Smilarity between predator and prey fatty acid profiles is tissue dependent in
Greenland sharks (Somniosus microcephalu&ubmitted to the Journal of Experimental
Marine Biology and Ecology, February 1, 2012, manuscript number: JEMBE-D-12-
00056)

Because | plan to use fatty acids of multipleugsswith different turnover times
to investigate individual-level feeding behavio@iiGreenland sharks, 1 first need to
assess: 1) the extent that Greenland sharks miadiifyacids from those obtained in diet
and 2) which shark tissues provided the most atewiaw of diet. To answer these
guestion, in Chapter 4, | compare Greenland shardcha, liver and blood plasma fatty
acids to values for dominant prey (based on stornankents). | predict that shark liver
will be the most modified by the shark and diffiee imost from prey fatty acids due to
the many functions of liver in shark fatty acid aed@lism (e.g. energy storage and

generation, ketone body biosynthesis, buoyancyaBghe 1997).

Chapter 5:lindividual specialization in Greenland sharks (Somniosus microcephalus

After exploring whether arctic consumers coupborgces in space at the
population level (Chapter 3), | next apply the noelblogy established in Chapter 4 to
explore the diet of an upper trophic level consyrtier Greenland shark, in more detail at
the individual level. Whatever the resource uséepatidentified in Chapter 3, it is now
important to establish whether individual-levelaesce use reflects this pattern observed

at the population level (i.e. whether consumersrat®vidual specialists or individual
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generalists) and whether this feeding behaviouanesnconstant through time. In
Chapter 5, | use the range of 22:5n-3 proportionsrag each Greenland shark's muscle,
liver and plasma to infer whether a shark has lbeeding on consistent (i.e. similar fatty
acid values among tissues) or different diet itener time (i.e. different values among
tissues). | use a linear mixed-effects models toutate the variability within individuals
(WIC, within-individual component) and between widuals (BIC, between-individual
component) and the total variability exhibited bg population (TNW, total niche
width), which is equal to WIC + BIC (Fig. 1.2). Higndividual specialization would be
indicated by low WIC relative to TNW (Fig. 1.2), eteas low individual specialization
would be indicated by WIC that is a large proportad the TNW (Bolnick et al. 2003). |

test the following hypotheses in Chapter 5:

Ho: Values of muscle, plasma and liver fatty a@ds similar within individuals (i.e.
high individual specialization) and do not varywitme
Hal: Values of muscle, plasma and liver fatty aeigsdifferent within individuals (i.e.
no individual specialization) and do not vary wiitme
Ha2: The similarity between muscle, plasma and ligty acids within individuals
varies with time (i.e. the extent of individual s@dization varies with time)
No abundance data exist for Greenland sharks orghey in Cumberland Sound, so it is
difficult to speculate regarding the extent of éagpecific competition in this population.
However, because the Greenland shark is the oalksind large predator of both fish
and marine mammals in Cumberland Sound, one wouddat lower inter- and higher
intra-specific competition; the diversifying ‘reeidor individual specialization

(Svanbéack and Bolnick 2005). Thus, the theorepeadliction is high individual
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specialization that is constant (does not vary witte, Fig. 1.2, Ho). However,
Greenland sharks are considered generalists basadvale range of prey consumed
(MacNeil et al. 2012), although they are likely abfe of focusing on a subset of
resources when they are abundant. | therefore expetdf individual resource
specialization is identified, that its extent witht remain constant through time (i.e.Ha2,
Fig. 1.2). Low and or variable individual specialibn would support the alternate
hypothesis of this dissertation that observed pagtan an arctic food web deviate from
predicted patterns (i.e. Fig. 1.2).

Chapter 6: Temporal resource asynchrony and seasonal diet switching in arctic food
webs: comparing empirical patterns with theoretical predictions
After exploring spatial coupling of resources dgrone season (summer, Chapter

3), and exploring the diet of a top trophic levehsumer at the individual level (during
summer and winter of two years, Chapter 5), | napl@e patterns in overall food web
structure over multiple seasons. Stable isotopdattylacid data sampled from
Cumberland Sound consumers during summer and wodertbined with a literature
review, will be used to explore seasonal change)ibasal resource availability, 2)
changes in consumer biomass and 3) seasonal diehswy by consumers. On the one
hand, the ability of consumers to switch their dwth season seems obvious and
expected (Weslawski et al. 1991). However, se\stalies report that biological activity
during arctic winter is much higher than previougigught, and that many species adopt
a 'business as usual strategy', feeding as oppstitugeneralists all year (Werner and
Auel 2005; Legezynska et al. 2012). Further, maiooel webs in general (Isaacs 1973)
and polar food webs specifically (Norkko et al. 2DRenaud et al. 2011) have been

viewed as 'unstructured’ due to the high prevalenoennivory and detritivory, which
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could lead one to expect a general lack of strectiithough many studies have
performed detailed studies of arctic food web dtrec(e.g. Hobson et al. 2002; Sgreide
et al. 2008; Dunton et al. 2012), this is the fagempt that | am aware to unite observed
structures in arctic food webs with recent strussuhat are considered important for
persistence. To do so, | will test the followingpbyhesis (Fig. 1.3):

Ho: observed pattern agrees with theoretical ptiedic

Ha: observed pattern deviates from theoreticaliptien)

If consumers switch their diet by exploiting abantiand abandoning declining
resources between summer and winter, as inferoad ¢hanges in their stable isotopes
and fatty acids between season (i.e. between sumdewinter), this would support the
null hypothesis (Fig. 1.3, Ho). Alternatively, &kaof seasonal pattern (e.g. similar stable
isotopes or fatty acids of consumers between s¢agmuid indicate that the observed
pattern deviates from the predicted pattern, whigbports the alternate hypothesis (Fig.
1.3, Ha). Based on the known prevalence of omniaoiy opportunistic feeding by arctic
consumers (e.g. Dunton et al. 2012; Renaud e0Dall;Zeder et al. 2011), with the
exception of herbivorous copepods (Chapter 2, Palflersen et al. 2009), | expect that
consumers will not switch their diet in responséetmporal resource variability and will
feed as opportunists all year (i.e. Ha), which wiaupport the alternate hypothesis of
this dissertation that patterns in arctic food weégiate from theoretical predictions.

Uniting observed patterns with predictions froroend theory (i.e. Figs. 1.1-1.3)
will increase understanding, not just of variablgieonments, but of the mechanisms that

govern food web structure in general.
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Fig. 1.1 The first structure investigated in thegant dissertation is spatial coupling of asynobusiresources. The
conceptual model for this structure (left panebwst the coupling of two asynchronous resourcepate (A and B) by a
hypothetical consumer (C). The null hypothesis (Haldle panel) is that lower trophic levels wilktact their feeding to one
of two 'resource compartments' (e.g. phytoplankiwth macroalgae), and upper trophic levels will ¢edpese resource
compartments. One possible alternate hypothesisrigtd panel) is that lower and upper trophic les@sumers will feed
predominantly on carbon originating from phytopleork such that no resource compartments at lowphic levels and/or

coupling by upper trophic levels is apparent.
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Fig. 1.2. The second food web structure invest@jatehis dissertation is the extent of individdat specialization (IS) (in
Greenland shark§&omniosus microcephalus). The conceptual model (left panel, redrawn froatingk et al. 2003, Amer. Nat.
161(1), 1-28) shows a population of consumers wiatsé niche width (TNW) is explained by high 1S.ihigh between-
individual variation (BIC) and low within-individdaariation (WIC). The null hypothesis (Ho, midgianel) is high IS
(evidenced by small ranges of fatty acid valuesaioh shark) that does not change with time. Tleerglte hypothesis (Ha,
right panel) is that the extent of IS will changghatime (season), evidenced by wide ranges oy fattds in a given shark in
some seasons (i.e. low IS) and small ranges (gh.1B) in sharks sampled during other seasons.

2) Individual diet specialization (Chapter 5) Ho: observed = predicted pattern Ha: observed # predicted pattern
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Fig. 1.3. The third food web structure investigatethe present dissertation is temporal couplihgsynchronous resources.
The conceptual model (left panel) shows a hypathetionsumer (C) coupling two temporally asynchusesources (A and
B). The null hypothesis (Ho, middle panel) is tbahsumers will switch their diet with season toleipesources as they vary
through time (here, a switch from high reliancepbytoplankton in summer to greater reliance orriadtie carbon sources,

e.g. detritus, in winter). The alternate hypothé€sig, right panel) is that consumers will feed onilar prey all year and will

not switch their diet.

3) Resource coupling in time (Chapter 6) Ho: observed = predicted pattern Ha: observed # predicted pattern
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CHAPTER 2

SEASONAL PATTERNS IN FATTY ACIDS OF CALANUS HYPERBREUS
(COPEPODA, CALANOIDA) FROM CUMBERLAND SOUND, BAFFINSLAND,
NUNAVUT

McMeans, BC, Arts, MT, Rush, S, Fisk, AT (2012) Sw®al patterns in fatty acids of
Calanus hyperboreus (Copepoda, Calanoida) from Cumberland Sound, Bésfand,
Nunavut. Marine Biology DOI 10.1007/s00227-012-1-8323
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INTRODUCTION

Polar oceans are characterized by pronounced ssdasoiability in temperature,
light and salinity (Clarke 1983). This inconstarmeyphysico-chemical conditions drives
strong seasonal variability in available food reses, which, in turn, constitutes one of
the biggest challenges faced by polar organismerk€11983)Calanus hyperboreus
(Krgyer, 1838) is a predominantly herbivorous magopepod (Falk-Petersen et al.
1987; Stevens et al. 2004b) that inhabits seasoitalcovered waters in the Atlantic
Arctic and sub-Arctic (Conover 1988). The ephemasdlure of phytoplankton
availability in Arctic systems coupled with low veattemperatures (low basal metabolic
rates) promote most arctic copepods to accumuigheehamounts of lipids than

temperate or tropical copepods (Lee and Hirota L1973

Lipids are stored by arcti€alanus spp. predominantly as wax esters (Kattner and
Hagen 2009), which consist of a fatty acid estexiifio a fatty alcohol, and can account
for > 91% of total lipids irC. hyperboreus (Lee 1974). Certain PUFA like
eicosapentaenoic acid (EPA, 20:5n-3), arachidarict @RA, 20:4n-6) and
docosohexaenoic acid (DHA, 22:6n-3) are requirecgdmatic growth and membrane
functioning of animals and invertebrates (Parrie@%). However, it is generally accepted
that these 'essential’ fatty acids cannot be sgizbe from their fatty acid precursors (i.e.
alpha-linoleic acid (ALA, 18:3n-3) and linoleic ddiLIN, 18:2n-6) by animals in
amounts sufficient to meet their needs, and musethre be acquired in the diet (Parrish
2009). Aquatic algae are the major source of prexal, long-chainX 20 carbons) n-3
and n-6 PUFA (Arts et al. 2001; Gladyshev et a090Thus, as a main grazer of

primary production in marine Arctic ecosyster@shyperboreus serves as both a source
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of energy and essential fatty acids for higherhiropevels (Sgreide et al. 2008; Kattner
and Hagen 2009). Knowledge concerning food qualitgined byC. hyperboreus during
summer, with regard to essential fatty acid actjaisjis therefore important for
identifying potential risks t&. hyperboreus populations, and, by extension, to the fish,
birds and mammals that ultimately depend on thg &atids thatC. hyperboreus harvests
from the oceans.

C. hyperboreus feeds only during the productive spring and summenths when
phytoplankton are available, and synthesizes aréstarge amounts of the long chain
MUFAs 20:1n-9 and 22:1n-11 in their wax esters gitbet al. 1996; Graeve et al. 2005).
C. hyperboreus enters diapause over the unproductive winter, dusihich time the
copepods do not feed and rely entirely on stoiiddipo mature and reproduce (Conover
and Siferd 1993; Falk-Petersen et al. 2009). PrablyyC. hyperboreus relies on both
dietary PUFA and biosynthesized MUFA to survive wieter and successfully
reproduce (Sargent and Falk-Petersen 1988). Howeeer few studies to date have
explored howC. hyperboreus alters specific fatty acids between productive semamnd
unproductive winter months in ice-covered seas ¢$batLee 1974; Sgreide et al. 2008).
Seasonal fatty acid data are especially needdtiédoCanadian arctic because these areas
are experiencing decreases in both the extent aradioin of ice-cover, and consequently,
earlier timing of maximum annual phytoplankton bass (Kahru et al. 2011), which
could affectCalanus populations (Sgreide et al. 2010). To the besuokaowledge,

however, no such data exist.

Quantifying dynamics in fatty acids over multigleasons across consecutive

years could provide important information on thassmal lipid strategy €.
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hyperboreus, including identifying which lipids are likely ingstant for their survival.
These findings could become important for monitgptow longer open-water periods
and earlier phytoplankton growth influence the guand quantity of lipids accumulated
by C. hyperboreus annually. Further, it is imperative to identify h@vhyperboreus

fatty acid profiles change over time (i.e. withsaas and years), because this
information contributes important baseline dataftdure studies focused on the feeding
ecology of higher trophic level organisms (Bretakt2009). Here we quantify fatty acid
profiles of C. hyperboreus from Cumberland Sound, Baffin Island, Canada during
summer (i.e. August, open-water) and winter (i.ptilAice-cover) over two successive
years. We suggest that such information can eviyptiaused to better assess and
monitor the cumulative effects of annual variapilit physical forcing variables
(temperature, light, nutrients) on copepods anat twasumers in the context of climate

change.

MATERIALS AND METHODS
Sudy site

Copepod sampling was conducted as part of a latgdy in Cumberland Sound,
and occurred within 30 km southwest (65°55'02"N26630"W) and 30 km northwest
(66°12'41"N, 66°35'35" W) of the mouth of PangmiguFjord (66°4'43"N, 65°57'45" W,
Fig. 2.1). The southeast coast of Baffin Islanmflienced by both Arctic (Baffin Island
Current) and Atlantic water masses (GreenlandedtirDunbar 1951), and
consequently, the fauna of Cumberland Sound i®tf Arctic and Atlantic origin
(Aitken and Gilbert 1989). Cumberland Sound is ¢gfly ice-covered from November
until approximately June. Temperatures in Cumber&ound typically exceed 3°C in

36



surface waters during summer (Mathias and Keass)18& decline to -1.8°C in winter,
when the entire water column can reach temperahgas0°C (Simonsen and Treble
2003). Details on the progression of summer phgiggbn growth do not exist for
Cumberland Sound, but in Frobisher Bay, a fjord als the southeast coast of Baffin
Island and ~3 degrees south of Cumberland Souirdapr productivity is typically
highest in July and August, with sharp declineS@ptember (Grainger 1971).
Ice-coverage and chlorophyll a

Satellite data were accessed through the Nati@oaehnographic Atmospheric
Administration's Environmental Research Divisidbata Access Program to determine
the approximate dates of ice break-up (dataset tdté Coverage, AQqua AMSR-E, Global
(1 Day Composite), Cavalieri et al. 2004, updataitl/yland maximum surface
chlorophylla (dataset title: Chlorophyll-a, Aqua MODIS, NPPp@G4l, Science Quality
(8 Day Composite), O'Reilly et al. 2000) in Cumbad Sound during the summers of
2007 and 2008 (Fig. 2.2). Satellite ice coveraga dee daily averages and chloroplayll
data are 8 d averages.
Copepod sampling

Calanus hyperboreus were collected during four sampling trips: durirgea-
water in August 21-27, 2007 and August 10-15, 2808 during ice-cover in April 10-
11, 2008 and April 4-8, 2009. Previous researcherking in southeastern Baffin Island
waters (i.e. Frobisher Bay) have referred to wiakenccurring in December-March,
spring from April-June and summer from July-Aug(i$siao 1988, 1992). These
designations are somewhat arbitrary but are usefueferring to the general onset of ice

algae (late spring) and phytoplankton productiam{er) in this part of the world, with
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winter referring to a time of low water column peny production (Hsiao 1988) and
phytoplankton cell biomass (Hsiao 1992). Considgariurnover time of 11 d for fatty
acids inC. hyperboreus (Graeve et al. 2005), April samples reflect atgiaccurring in
late March, and these samples will hereafter bermed to as 'winter." August samples
reflect activity in mid-early August and will heffear be referred to as 'summer.’ The
rationale chosen sampling times was to captursitmature ofC. hyperboreus after they
incorporated the signature of summer phytoplangranvth and after the winter low
primary production period.

All C. hyperboreus were collected using a 248n plankton net (Wildlife Supply
Company®, Buffalo, New York) by performing both fage horizontal tows and vertical
hauls in the summer, and vertical hauls througk$out in the sea ice during winter. The
maximum depth of sampling sites was ~400 m, antica¢hauls were conducted down
to near-bottom depth. For all samples, the conteingésch plankton tow were first rinsed
into buckets filled with seawater. The samples vikes poured through a 2-mm sieve
fitted on top of a 0.5-mm sieve (both Fieldmasterd®jlividuals were gently removed
from the sieves using tweezers. ApproximatelyC1@yperboreus were pooled for each
fatty acid sample, placed in cryogenic vials imnaggly frozen at -80°C in liquid
nitrogen, and kept at -80°C until analy<ialanus hyperboreus samples consisted of
adult females (AF), and stage IV and V copepoditesed on prosome length (Hirche et
al. 1994) measured on type specimens. One excdpttbe two samples from April 2009
that consisted entirely of AF.

Fatty acid analysis
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C. hyperboreus samples were freeze dried (48 h) and weighed to¢aeest
microgram (Sartorious ME5 microbalance). Lipids evektracted from each sample (dry
weight of samples: range =12.11-44.33 mg, mean 2$D79+9.02 mg) by
homogenizing in 2 mL of 2:1 (v/v) chloroform:metlwC:M) (Folch et al. 1957). The
lipid extract was adjusted to 8 mL with 2:1 C:M6 InL of a 0.9% NaCl in water
solution was added, the phases were mixed andfoget (2000 rpm at 4°C) and the
upper aqueous layer was removed. The solvent \agerevaporated under nitrogen gas,
re-dissolved in 2 mL of 2:1 C:M and percent totaid (on a dry weight tissue basis) was
determined gravimetrically. Fatty acid methyl est@ere generated by adding sulphuric
acid in methanol (1:100 mixture) to the vials, fingy the headspace with nitrogen and
incubating (16 h) at 50°C in a water bath. After §amples cooled, potassium hydrogen
carbonate, isohexane:diethyl ether (1:1) and btggllaydroxy toluene (0.01%) were
added, and the vials were vortexed and centrifuged.upper organic layer was
transferred to another centrifuge tube; isohexaetrg ether (1:1) was added to the
original tube which was then shaken, vortexed,@mdrifuged. FAME were evaporated
under nitrogen, dissolved in hexane, transferreahtber glass GC vials and separated
using a Hewlett Packard 6890 GC (splitless injectalumn = Supelco (SP-2560
column) 100 m X 0.25 mm ID X 0.20 um thick film)at®y acids were identified using a
37-component fatty acid standard (Supelco 4788&added with methyl stearidonate
(Fluka, 43959), 13-eicosenoic acid methyl estegr(tsi E3512), 9-eicosenoic acid methyl
ester (Indofine Chemical, 20-2001-1), 16-docosa&stoic acid methyl ester (Sigma
D3534) and 19-docosapentaenoic acid methyl estgre{€o, 47563-U). Identification of

11-docosenoic acid methyl was accomplished via@erQuadrupole GC/MS (Agilent
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7890A with Agilent 7000 mass detector) and confulrbg comparing the mass spectrum
to the American Oil Chemists’ Society Lipid Library
(http:/Nlipidlibrary.aocs.org/index.html). In thegsent study,Y SAFA" is used to

indicate the sum of all fatty acids with zero deubbnds, Y MUFA" indicates the sum

of all fatty acids with one double bond, andPUFA" indicates the sum of all fatty acids

with > 2 double bonds.

Data Analysis

C. hyperboreus fatty acids were expressed as bpgffatty acid mg dry tisste
(abbreviated here ag) mg") and relative proportions (individual fatty adidfatty acids
! expressed as a %). Statistical analyses wererpetl primarily on proportional data,
with the exception of analysis of variance (ANOVaX)d Tukey's post hoc tests
performed on total fatty acid¥ (ig fatty acids mg) and unsaturation indeX (ug fatty
acid mg**number of double bonds)). 'Summary' fatty acidgantions (i.eyn-3 and
>'n-6 PUFAsY SAFA, Y MUFA and)Y PUFA) and % lipid were also compared among
sampling dates via ANOVA and Tukey's post hoc tdatimcipal component analysis
(PCA) was used to investigate seasonal pattermslividual C. hyperboreus fatty acids.
Data were standardized to a mean of zero and anénce prior to their inclusion in the
PCAs, and fatty acids that had unscaled weigtgsgcaling=0)» 0.3 (which
corresponded to correlations/loadings >0.5) werssickered influential to that principal
component (McGarigal and Cushman 2000). The sasgalees extracted for principal
components 1 (PC1) and 2 (PC2) were compared asamngling dates using ANOVA
and post hoc tests. The 'mixed' samples contamuigple stages (AF, CV, CVI) and the

AF samples from April 2009 were coded differentiythe ANOVASs. Ten separate
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ANOVAs were performed, and values were corrected accordingly using a secalenti
Bonferroni procedure (Holm 1979). Statistical asak/were performed in R (R
Development Core Team 2010) and the package 'veganised for PCA (Oksanen et

al. 2010).

RESULTS
Ice break-up occurred in late May of 2007 andaryeAugust of 2008, and

sampling was therefore conducted closer to the tfnee break-up in 2008 (Fig. 2.2).
Maximum surface chlorophy#l based on satellite data was reported on June 3003f
and August 24 of 2008 (Fig. 2.2, O'Reilly et alo@] Ice began to reform in late
November of 2007 and in early November of 2008.(Eig, Cavalieri et al. 2004,
updated daily).

Summer samples were dominated by high EPA, 16, 271n-11, 20:1n-9, DHA
and 16:0, whereas winter samples were dominatétdhy16:1n-7, 20:1n-9, EPA, 22:1n-
11, DHA and 18:1n-9, when expressed as both rel@igportions (Table 2.1) apdg
mg* (Table 2.2). SummeE. hyperboreus had significantly highe¥ n-3s €4,1~21.64,P
<0.01),Y'n-6s F414276.25P <0.005),Y PUFASs F,1,~41.94,P <0.006), and
unsaturation indexH; 17~26.30,P <0.007), and significantly lowe&f MUFAs
(F41425.54,P <0.008) than winter samples (Fig. 2.2). Total faityds § ng mg", Table
2.2) were higher in summer than winter sampkag 4£18.13,P <0.01), although the
difference between summer and winter 2008 wasigoifeant (P>0.01). Percent (%)
lipid was also higher in summer samples (Table, 2dj only differed significantly
between summer 2008 and winter 20B9,(=4.21,P <0.03).Y SAFA did not differ
among sampling dateB £0.05). Winter AF samples had a lower unsaturandex and
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lower total fatty acids than winter mixed sampl€al{le2), but these differences were not
significant £ >0.05).

The first three principal components extractedhe/PCA ofC. hyperboreus fatty
acid proportions explained 70.3% of the variancthendata (Table 2.3). PC1 separated
summer (positive scores) from wint@rhyperboreus (negative scores), due to positive
loadings of LIN, 18:4n-3 and EPA in summer, andateg loadings of 16:1n-7, 20:1n-9
and 22:1n-9 in winter (Fig. 2.3). Sample scoresaetéd for PC1 were significantly
higher in summer vs. winter copepoés {~35.20,P <0.006), and did not differ between
the winter mixed and AF sampld? ¥0.05). PC 2 was characterized by negative loadings
of 16:0 and positive loadings of ALA, 18:4n-3 artTh-11 (Table 2.3), but PC2 scores
did not differ among sampling datd3x0.01). 18:1n-7, ARA and DHA did not load
significantly on the first two PC axes extractezf|acting their similar proportions among
samples (Table 2.1). Average proportions of 18:1me®e higher in winter samples,

although this fatty acid did not load significantlg the first two PC axes (Table 2.3).

Non-metric multidimensional scaling performed ba €. hyperboreus fatty acid
proportions (Euclidean distances, dimensions #r@ss = 0.06, results not shown)
produced a similar ordination to the PCA, lendingfadence to the above results.
Furthermore, thag mg* data generally supported results of the PCA an®XNs
performed on proportions, because summer sampidedeao have higher PUFA,
including LIN, 18:4n-3 and EPA, and because 18:1mag similar among sampling dates
(Table 2.2). Similar to proportional data, wintangles (excluding AF) were also higher
in ug mg* of 18:1n-9 (Table 2.2), but were not consistentjher inpg mg* of 16:1n-7,

20:1n-9 and 22:1n-9 vs. sumnt@rhyperboreus (Table 2.2). Finally, there were slightly
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lower ng mg* values of ARA and DHA in winter vs. summer sam{[Esble 2.2),

whereas proportions were similar among samplinggd@fable 2.1).

DISCUSSION

Between-season variability in fatty acid propori@ne. winter vs. summer) was
greater than within-season variability (e.g. summgeisummer) because the first PC axis
completely separated summer from wir@ehyperboreus. The separation of summer
samples on PC1 due to high proportions of LIN, &&84and EPA, as well as higin-3,
>'n-6,> PUFA and unsaturation index, is consistent withtpplankton consumption, and
agrees with previous reports (Lee 1974; Sgreidd @008) that summes. hyperboreus
have higher EPA and 18 PUFAs relative to wintergas Fatty acid data for
phytoplankton and other potential food sources. (@agteria) are needed to differentiate
the contribution of specific taxa to the diet ofrsuerC. hyperboreus. However,
phytoplankton were available in Cumberland Sountdhdwour field operations based on
chlorophylla (integrated over 0-40m) measured at@éyperboreus sampling locations
(67.6 mg rif on August 14, 2007, B. McMeans, unpublished da8a4 g ni on July
31, 2008, J. Brush, unpublished data), supporhiegbntention that summer fatty acid

profiles reflected consumption of phytoplankton.

TheC. hyperboreus fatty acid data presented here are, to the bestrof
knowledge, the first for eastern Canadian watetside of the NOW (North Water
Polyna, Stevens et al. 2004a; Stevens et al. 2084ith C. hyperboreus from
Cumberland Sound and from the NOW during autumev@ts et al. 2004b) had 16:1n7,

20:1n-9, 22:1n-11 and EPA in the highest propogi®@@ummer 2007 Cumberland Sound
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samples had the most similar proportions of thevalfatty acids (although 22:1n-11 was
higher) relative to conspecifics from NOW statictagStevens et al. 2004b), whére
hyperboreus were concluded to be feeding on ciliates, flageiand/or dinoflagelles. On
the other hand, summer 2008 Cumberland Sound samwglee more similar to those
from NOW station 68 (Stevens et al. 2004b), wh&rkyperboreus were feeding on
diatoms (Stevens et al. 2004b). It is prudent te here that comparisons among studies
that analyzed different lipid fractions are accefgdecause the total fatty acid fraction
(as reported here) and wax ester fraction (e.geBteet al. 2004b) have similar
proportions of most fatty acids (Graeve et al. J9@he exception is 16:1n-7, which is
lower in total fatty acids vs. wax esters (Graewval €1994), indicating that our 16:1n-7
values are lower than would be expected if the esi®r fraction was analyzed.
Zooplankton fatty acids respond rapidly to changeke composition and/or availability
of phytoplankton (Lee et al. 1972; Stevens et @D4b), which likely explains the
observed differences between summer 2007 and 200glss reported here. This
explanation is especially likely because we sampleser to the time of ice break-up in
summer 2008 (Fig. 2.2). There is a need for fuédi@erts to better categorize the
progression of the phytoplankton bloom in CumbetiSound, and the associated

changes in the fatty acid profile of herbivorousgankton.

Similar to results from Cumberland Sound andNiN, C. hyperboreus
sampled during June and July in the Fram Strait ladsl EPA, 16:1n-7, 20:1n-9, 22:1n-
11 and DHA in the highest proportions (Kattnerlefi889). One difference is that
18:4n3 was a major fatty acid @ hyperboreus from the latter study, contributing almost

30% to copepods in areas wh@feeocystis pouchetii was abundant (Kattner et al.
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1989). This fatty acid only contributed a maximufbet% to Cumberland Sound
samples (summer 2007, Table 2.1) and 9.7% to suN&WC. hyperboreus (Stevens et
al. 2004b), which supports the suggestion thaelaale differences in fatty acids can
exist between the Canadian and Norwegian arctigé®a and Falk-Petersen 1988).
These differencelikely reflect different compositions of algal sjpes (Sargent and Falk-

Petersen 1988), which warrants further investigatio

Few studies have reported fatty acidsGohyperboreus during winter months,
but both Lee (1974) and Sgreide et al. (2008) eleskthat proportions of fatty acids like
LIN, 18:4n-3 and EPA decreased and C18 and C22 MiEreased irC. hyperboreus's
wax esters during the winter. It is unknown whetGamberland Soun@. hyperboreus
were in diapause at depth or had recently ascetodsaface waters when sampled in
winter 2008 and 2009. However, lowePUFA, unsaturation index and % lipid of winter
vs. summer samples provides evidence that thesadundls were not actively feeding on
ice algae or phytoplankton when sampled (which hatre high PUFA, Sgreide et al.
2008). A previous report from the Beaufort Sea stmbhatC. hyperboreus were feeding
at a very low rate (0.2g C ind* h!, perhaps on microzooplankton) in mid-April prior t
spring phytoplankton growth (Seuthe et al. 200djytler, vertical ascent i@.
hyperboreusis related to the timing of primary productivityi(ehe and Niehoff 1996),
and active accumulation of lipid likely does narsuntil phytoplankton growth begins.
Late March and early April are generally a timdayt water column chlorophyt and
primary productivity in Frobisher Bay, when seaigstill ~1-1.5m thick (Grainger
1971). Sea ice thickness was ~0.8 m and 1.3 mragasapling locations in Cumberland

Sound during winter 2008 and 2009, respectivelp\sthickness ~15-30 cm), and we
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therefore assume that water column productivity lwas and subsequently th@t
hyperboreus were not actively feeding. The observed fatty gewfiles of winter samples
support this assumption and, therefore, reflecot@wintering strategy dt.
hyperboreus with regards to lipid metabolism. Additional wokkneeded in Cumberland
Sound to identify the depth of overwintering, thmihg of vertical ascent to surface

waters, and the commencement of feedin@ blyyperboreus.

The comparison between summer and winter fattysaaoi the present study
supports previous perceptions about lipid dynanmdS. hyperboreus during winter
months. FirstC. hyperboreusis known to incorporate and retain dietary PUFAhiair
phospholipids to maintain membrane function (Seb#l. 2002). For example,
proportions of EPA, ARA and DHA i€. hyperboreus phospholipids can remain similar
all year (Lee 1974). Therefore, observed valudsRA, ARA and DHA in wintelC.
hyperboreus from Cumberland Sound could reflect the portidreg tvere retained in the
phospholipids. Previous work in freshwater systéasalso shown that zooplankton
selectively retain certain essential fatty acidai(i et al. 2004), and conserve ARA and

EPA during starvation (Schlechtriem et al. 2006).

Second, lower observed proportions agdng’ of LIN, 18:4n-3 and EPA in
winter samples agrees with reports tGahyperboreus catabolizes a portion of dietary
PUFA from their wax esters to meet energetic demaing the winter (Lee 1974), and
during other times of little to no feeding (Kattredral. 1989). The energetic cost of
maintaining bodily functions during diapause isublbt to be low, with molting and
gonad formation the major causes of wax ester teplduring winter inCalanus spp.
(Hopkins et al. 1984; Sargent and Falk-Peterse®)1 98 high Canadian arctic (i.e.
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Resolute Bayy. hyperboreus, stage 1V is the dominant overwintering stagegetd

molt all winter to adult males and females (somwbich will wait to reproduce until the
following winter), and egg production and releasadult females (AF) occurs from
March to mid-May (Conover and Siferd 1993). Eggsenstill observed in the oviducts
of AF during both winter 2008 and 2009 samplingratiens (i.e. egg release was not
complete, B. McMeans, personal observation). Tleegiower LIN, 18:4n-3 and EPA
in winter vs. summer Cumberland Soudchyperboreus likely reflects the selective
catabolization of these PUFA to fuel maturatiostage V copepodites and egg

formation in AF.

Our seasonal comparison of fatty acids also pexigvo findings regarding the
potential role of MUFAs during the winter that hawat been thoroughly discussed in the
literature. First, proportions of 16:1n-7, 18:1n20;1n-9, 22:1n-9 and 22:1n-11 were not
consistently lower in winter vs. summer Cumberl&wodind samples, which agrees with
previous reports fo€. hyperboreus from the Norwegian arctic (Sgreide et al. 2008)sT
result is notable because all of these MUFA aradgoredominantly in storage
molecules (wax esters and TAG, Albers et al. 1988, should have decreased in winter
copepods if they serve as energy stores to fuebdejotive process as presumed (e.g. for
C20 and C22 MUFA, Sargent and Falk-Petersen 1288jrom Cumberland Sound did
have lower 20:1n-9 and 22:1n-11 than mixed wirdengles on ag mg" basis (Table
2.2), supporting this presumption. Further, altho@@0 and C22 MUFA are not a major
component oCalanus eggs (Sargent and Falk-Petersen 1988), lipids iaFat their
lowest once egg release is complete (Lee et ak)1Qnd proportions of the above

MUFA may be expected to decrease further in wiAteto fuel egg release. Analysis of
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separate stages Gf hyperboreus would have provided more insight into the rolelrwge
MUFA in specific overwintering and reproductive pesses. However, because AF in
the present study had already formed eggs (althaggtannot assume that egg

formation was complete), it appears that MUFA astthe major fuel for overwintering,

maturation or egg formation i@. hyperboreus.

A second finding from the present study that msetiscussion is the higher
average proportions of 18:1n-9 in wint@rhyperboreus versus summer, although the
variability in winter samples was high (Table 2 Ayerageng mg* values of 18:1n-9
were also higher in winter mixed samples (but noAk) versus summer (Table 2.2), and
previous researchers have also reported high 1BitrwinterC. hyperboreus (Sgreide et
al. 2008; Lee 1974) ard. finmarchicus (Stage V and AF, Falk-Petersen et al. 1987).
Increasing 18:1n-9 in winter could be accomplistfigd hyperboreus were desaturating
18:0 to 18:1n-9 (Kattner and Hagen 1995; Sargettraik-Petersen 1988), although the
reasorC. hyperboreus would increase, or at least maintain, proporticinhic MUFA
from summer to late winter is unknown. Perhapsdlea biochemical role of 18:1n-9 in
winter C. hyperboreus in addition to serving as an energy source. Fangte, the
retention of ARA and DHA in winter-samplézi hyperboreus from the present study,
coupled with the increase in 18:1n-9, provide fielidence to support recent laboratory
observations that fishes and mammals alter the r@tibns of specific MUFA-PUFA
pairings in thesn-1 andsn-2 positions of phospholipids in response to coldosxpe
(Arts and Kohler 2009). Additionally, the combiratiof PUFA with cisA9 MUFA in

thesn-1 position of carp liver phospholipids was founchtve the greatest effect on
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membrane physical properties (Fodor et al. 1996jvéver, further experimental work is

required to validate this observation @rhyperboreus.

Implications for monitoring Calanushyperboreugopul ations

Ice cover duration has decreased in the Canadttic éKahru et al. 2011), and a
discussion of the potential effects of changingderditions orC. hyperboreus
populations is warranted. Earlier ice break-umiscgpated to cause a mismatch between
the emergence of first-feedi®) glacialis naupulii and the timing of algae blooms
(Sereide et al. 2010). Changing ice cover durationld likely affectC. hyperboreus
differently, however, because fem&ehyperboreus do not need access to food for
successful reproduction during the winter (CondV@s7). However, nauplii might rely
on ice algae in late winter/early spring for tHewt feeding (at stage NIl to NVI)
(Conover and Siferd 1993). No study has addressedftect of ice algae duration @n
hyperboreus nauplii survival, but it seems reasonable thatieaide break up could result
in a shorter duration for nauplii to exploit icggaé. Of course, earlier ice break-up could
also result in earlier phytoplankton productivityhich could provide a food source for

first feedingC. hyperboreus nauplii.

The effects of earlier ice break-up @nhyperboreus populations are unclear, but
C. hyperboreus is considered highly adapted to inter-annual litst in resource
availability (Falk-Petersen et al. 2009) due taespéty in the timing of their reproductive
cycle (Conover and Siferd 1993). However, the lang®unts of lipid accumulated by
Calanus species is related to the short and variable duratf their food supply in polar

seas (Albers et al. 1996). Less ice-cover and lopgeods of open-water could therefore
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influence the quantity of lipids accumulated®yhyperboreus annually. Further, food
quality (i.e. PUFA content) can affect the survig&C. glacialis naupulii (Daase et al.
2011). Thus, any change in the quantity or qualitypids associated with changing ice
conditions could affedC. hyperboreus populations and the amount of lipids made
available to upper trophic levels. It is thereforgortant to monitor how the fatty acid

profile of C. hyperboreus changes over time.

Data presented here will be useful for monitotimg acquisition of fatty acids by
C. hyperboreusin the summer, and utilization in the winter. Weaeamend summeg.
hyperboreus monitoring to focus on changes in PUFA like ARAAand DHA because
C. hyperboreus fatty acids vary with phytoplankton availabilitycdinomposition
(Stevens et al. 2004b; Kattner et al. 1989), amdilshtherefore reflect changes in
phytoplankton quality. Monitoring of winte. hyperboreus fatty acids would provide
insight into changes in lipid strategy (i.e. whfeltty acids are catabolized, conserved
and/or biosynthesized), and could reflect undegyhanges in ability to acquire lipids in
the summer. Winter monitoring should focus on PUB&cause they are the major fuel
for overwintering and reproduction, based on osuits. Additionally, the unsaturation
index (Treen et al. 1992) could be useful for maniity overall changes in the degree of
fatty acid unsaturation over time, and should bégaly sensitive indicator of change
because it is based pg mg’ fatty acid values. Changes in 18:1n9 and longrchai
MUFA should also be noted because, based on tren@imon that they are not
consistently depleted in wint&:. hyperboreus, they could be important for winter

survival
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In conclusionCalanus hyperboreus from Cumberland Sound exhibited similar
seasonal patterns in fatty acids over two yearg;iwprovides evidence that specific fatty
acids are consistently catabolized (e.g. EPA), evesl (e.g. DHA) and maintained (or
increased) (e.g. 18:1n-9) between summer and wi@tar sampling was coarse, at only
two times annually, but still revealed that PUF& aelectively catabolized to a greater
degree than biosynthesized C20 and C22 MUFA torhwlration and egg formation
during winter. The observation th@t hyperboreus maintains or increases proportions of
certain MUFA during the winter (this study; Lee #9Bgreide et al. 2008) suggests that
these fatty acids have some purpose for succesatmvintering or reproduction, and
indicates that the role of MUFA in wint€:. hyperboreus should be further explored. The
data presented here are novel for this part oivitrdd and are important for monitoring
short and long-term changesGnhyperboreus, as well as other zooplankton taxa and
their higher trophic level consumers in arctic gstsms. Additional work combining
fatty acids with other dietary metrics (e.g. stabtdopes, sterols) collected over a more
frequent (e.g. monthly) and prolonged (i.e. yetinsg¢ scale, combined with data for the
composition, abundance and fatty acids for phytdtan, would greatly improve our
understanding of the mechanisms goveri@ngyperboreus fatty acids, and how this

might relate to changes in environmental conditions
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Table 2.1. Fatty acid proportions @élanus hyperboreus (fatty acid) fatty acids-1,

expressed as a %, mean + SE) sampled during su(hengkugust) and winter (i.e.

April) over two years in Cumberland Sound. Eachviatial sample (number of samples

=*"n") was comprised of ca. 10 individuals of copdje stages CIV, CV and adult

females, except for the samples from winter 200&kethwith ©' that consisted entirely

of adult females.

Date Summer 2007  Winter 2008 Summer 2008inter 2009  Winter 2009
n 5 2 5 5 2
16:0 56+0.3 5+£0.2 6.1+£0.3 59+£05 4130.
16:1n-7 16.6 £ 0.6 229105 17.3+£0.3 17.8+0.3 20.5+0.6
18:1n-9 24+0.2 59+21 3.9+0.1 76+1.8 4R4
18:1n-7 23x0.1 1.9+£0.3 14+0 240 23%0
18:2n-6 39+0.1 1.1+£05 35+0.1 1.2+0.1 A@1
20:1n-9 105+1.1 17.3+1.3 11.3+£0.4 16.1+£14 15.1+£0.3
18:3n-3 1.2+0.3 1.3+05 09+0.3 0.8+£0.3 DB
18:4n-3 54+0.6 1.2+0.2 15+0.1 1.2+0.2 472
22:1n-11 145+15 12.1+0 8.7+£05 99+0.6 8805
22:1n-9 18+£04 3.3+0.7 1.6+£0.1 22+0.3 HR21
20:4n-6 0.2+0 010 020 020 0.3%0
20:5n-3 1691 10.7 £ 0.7 20.8+0.3 126+£05 3.8k0.1
22:5n-3 1+0.1 04+0.1 0.7+0 050 1+0.1
22:6n-3 9.3+£0.3 8.4+0.3 89104 105+04 480
>n-3 341+1.2 225104 33.2+£0.6 26.1+1 26012
>'n-6 49+0.1 2.3x0.6 8.6+0.1 26x0.1 3.4%0
> SAFA 11.8+1.2 10.6 £0.7 13.2+0.7 13.4+£1.3 +@3
>MUFA 49.2 +2.3 64.7 +£0.9 449 £ 0.7 57.8+0.7 1620
>PUFA 389+1.2 24.8+£0.2 41.9+0.5 288+1.2 .8200.3
% lipid 33.7£2.0 29.3+4.5 36.0£1.3 27.2£1.5 27 .4¢3.

Percent (%) lipid: mass of lipid dry weight of sdep
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Table 2.2. Mean * 1SE ug fatty acid ™dry tissue ofCalanus hyperboreus

collected in Cumberland Sound during summer (ilggust) and winter (i.e. April) of
two consecutive years. Individual samples (totahber of samples equals 'n’) were
comprised of ca. 10 individuals of copepodite ssaQ&/, CV and adult females, except
for the samples from winter 2009 marked with Which consisted entirely of adult

females.
Date Summer Winter Summer Winter Winter 2009
2007 2008 2008 2009 Q
n 5 2 5 5 2

16:0 9.3+0.8 7.1+1 12.4+0.4 7+0.6 4.4+0.2
16:1n-7 27.7+2 33+4.9 35.2+1.4 21.2+1.4 21.8+3.1
18:1n-9 4+0.4 9+4.5 8+0.3 9.2+2.5 5.2+1
18:1n-7 3.7+0.2 2.8+0.8 2.8+0.1 2.8+0.1 2.5+0.2
18:2n-6 6.6+0.5 1.7+0.9 7.1+0.3 1.4+0.2 1.7+0.2
20:1n-9 17.2+1.4 24.612.3 23.1+1.4 19+1.8 16+1.5
18:3n-3 1.8+0.5 2+1.1 2+0.8 0.9+0.4 0.4+0
18:4n-3 9.2+1.4 1.840.5 3.2+0.2 1.5+0.2 1.9+0.4
22:1n-11 23.8+2 17.5+2.9 17.9+1.6 11.7+0.9 10.440.7
22:1n-9 2.8+0.6 4.6+0.1 3.2+0.3 2.6+0.3 5.5+0.5
20:4n-6 0.4+0.1 0.2+0.1 0.4+0 0.3+0 0.3+0
20:5n-3 28.3+2.7 15.3+1.6 42.4+1.7 15+1.2 14.7+1.8
22:5n-3 1.61+0.1 0.610 1.5+0.1 0.6+0.1 1+0.1
22:6n-3 15.4+0.5 12+1.6 18+0.6 12.4+0.5 10+1.1

>n-3 56.7+4.2 32.3+4.9 67.8+2.9 30.9+2.1 28.1+3.4

>'n-6 8.1+0.5 3.4+1.3 17.5+0.8 3.1+0.3 3.6+0.6
> SAFA 19.8+2.4 15.4+3.5 26.8+1.2 15.8+1.6 9.6+0.7
Y MUFA 81.2+3.5 93+14.6 91.7+4.3 68.6+3.8 65+7.3
Y PUFA 64.8+4.6 35.816.4 85.6+3.6 34.2+2.4 31.7+3.9

ul 385 268 478 239 221

Total FA 165.8+7.9 144.2424.5 204.1+7.8 118.6+6 A662

Unsaturation index (UI)Y(ug fatty acid mg*number of double bonds)
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Table 2.3. Eigenvalues, proportion explained argtaled weights of each fatty acid

variable on the first three principal componentS)Bf a PCA performed oGalanus

hyperboreus fatty acid proportions.

Principal components PC1 PC2 PC3
Eigenvalue 4.57 2.52 2.06
Cumulative Proportion 0.35 0.55 0.70
Fatty acid

16:0 0.2 -0.3 0.0
16:1n-7 -0.3 -0.1 0.2
18:1n-7 -0.2 0.2 -0.6
18:1n-9 -0.2 -0.2 -0.2
18:2n-6 0.4 0.2 0.1
20:1n-9 -0.4 0.0 0.1
18:3n-3 0.0 0.4 0.1
18:4n-3 0.3 0.3 -0.3
22:1n-11 0.0 0.6 -0.1
22:1n-9 -0.4 0.2 0.1
20:4n-6 0.2 -0.2 -0.5
20:5n-3 0.4 -0.2 0.2
22:6n-3 -0.1 -0.2 -0.46
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Fig. 2.1.Calanus hyperboreus sampling locations during summer (open-water, Atjgus
2007 and 2008 and winter (ice-cover, April) 2008 @009 in Cumberland Sound, Baffin

Island, Nunavut, Canada.
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Fig. 2.2. Mean and standard deviation of relatir@pprtions (fatty acid fatty acids',
expressed as %) @falanus hyperboreus monounsaturated fatty acidsNIUFA: grey
symbols), polyunsaturated fatty aciddPUFA: white symbols), and saturated fatty acids
(> SAFA: black symbols) over four sampling events fifighted) in Cumberland Sound,
Baffin Island, Nunavut. Timing of ice-cover and nraxm surface chlorophy# in
Cumberland Sound obtained from satellite data laogve from May 2007 to April 2009.
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Fig. 2.3. Biplot of the component scores (symbats] fatty acid variable loadings
(vectors) on the first two principal componentaiira PCA performed on fatty acid
proportions (%) irCalanus hyperboreus. Both scores and variables are scaled by the
square root of the eigenvalues (i.e. scaling ;AB)samples consisted of pooled
copepodite stage VI, V and adult females exceptworwinter 2009 samples that

consisted entirely of adult females (marked witR")A
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CHAPTER 3

COUPLING OF MACROALGAL AND PHYTOPLANKTON ENERGY PAHWAYS
BY CONSUMERS INHABITING A SEASONALLY ICE-COVERED RIRD
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INTRODUCTION
Explicitly linking food web structures (i.e. patts of carbon flow within a food

web that arise from feeding interactions among goress) with mechanisms that
increase persistence (i.e. the continued existehadood web through time) has proven
a difficult task (Paine 1988; Levin 1998). Givemtlanthropogenic activities are known
to affect food web structure (Rooney et al. 200@ssmann et al. 2011), connecting
structures with mechanisms of persistence is akaging importance. Recent theoretical
models have linked a seemingly common food welzttra with the ability of food

webs to persist through time: the existence ofuesss that differ in biomass turnover
rates and abundance (i.e. that vary asynchronquelygh are ‘coupled’ in space by
generalist consumers (i.e. that move across spmtiaidaries to feed on multiple
resources as they become abundant, Rooney etl&l; RizCann and Rooney 2009).
When present, this 'spatial coupling of asynchraemesources' (see Fig. 1.1. for visual
representation of this structure) is associatel sétveral empirical patterns. First, lower
trophic levels generally feed within distinct 'rasce compartments' by deriving energy
predominantly from one of two (or more) availal@saurces (e.g. phytoplankton or
detritus). Second, upper trophic level couplersuhase carbon sources from multiple
resource compartments, across spatial boundarie€gNh and Rooney 2009). Together,
these factors impart a 'hump-shape' structuredd weebs (Fig. 1.1; Rooney et al. 2006),
which appears to be iterative across spatial seaidswvithin and between ecosystems
(McCann and Rooney 2009). Soil, freshwater andmeainod webs from temperate
climates have been shown to exhibit this 'hump-shstpucture (Rooney et al. 2006;
Dolson et al. 2009). However, it is unknown if fomdbs from latitudes that experience
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high degrees of seasonality and temporal varighbithich can be driven primarily by
one energy source (phytoplankton, e.g. Renaud 20al), are structured such that
spatially asynchronous resource compartments angex by upper trophic levels.

Almost all marine ecosystems exhibit temporallyiregg levels of productivity to
some degree, however, arctic and sub arctic satdarh seasonally ice-covered
experience a much shorter duration of primary petida (e.g. 1-4 months per year) than
more temperate locations (e.g. Baltic Sea, 9 mgmhyear; Weslawski et al. 1991).
Short, intense phytoplankton blooms during sprimd summer fuel pelagic food chains
(e.g. phytoplankton-zooplankton-fish-seabirds; Hbet al. 2002; Falk-Petersen et al.
2007) and sink to provide labile phytodetritus tisatapidly exploited by benthos
(Grebmeier and Barry 1991; Iken et al. 2010). Aditiohal, yet understudied, primary
production source in arctic seas is benthic magemlwhich can be locally abundant in
some areas (e.g. Beaufort Sea, Dunton and Scl&l) 19/ith the exception of
herbivorous calanoid copepods (Falk-Petersen 08P), arctic consumers are widely
acknowledged to exploit a variety of resourcesluidiong detritus, and to feed
omnivorously (Iken et al. 2005; Forest et al. 20R8naud et al. 2011), but only one
study to date has assessed if consumers in an seetialso rely on carbon and nutrients
from macroalgae (but see Dunton and Schell 198#}her, it is unknown if food webs
in highly seasonal arctic seas exhibit ‘hump-shsipectures similar to food webs from
temperate latitudes (Rooney et al. 2006; Dolsal.2009), or if the importance of
phytoplankton and prevalence of omnivory preclugehsstructures from arising.

The goal of the present study was to identifynifaactic food web exhibited

spatial coupling of asynchronous resources, bedhisstructure has been previously

64



identified as important for food web persistencas@d on theoretical food web models)
and is common in food webs from temperate latit&eoney et al. 2006; Dolson et al.
2009). The following questions were asked: 1) doptankton feed heavily on
phytoplankton and benthos heavily on macroalgastitrg two distinct resource
compartments within an arctic food web? and 2) hosvthese distinct resource
compartments, if apparent, coupled by upper trof@vels (elasmobranchs, teleosts and
marine mammals)? Stable carbon isotopé¥C) and fatty acid trophic markers were
applied to trace the relative use of basal resguso@ong consumers. The null hypothesis
is that lower trophic levels will rely heavily oftlger phytoplankton or macroalgae and
upper trophic levels will use intermediate amowitsarbon from phytoplankton and
macroalgae (as assessed throbldd values and fatty acids), indicating resource
coupling (i.e. predicted pattern = observed pajtgdme possible alternate hypothesis is
that lower and upper trophic levels will use simdaounts of one carbon source,
indicating little spatial resource coupling (i.eegicted patter# observed pattern, see
Fig. 1.1. for visual representations of hypotheses)

As arctic seas are currently experiencing decre@secbver duration (Markus et
al. 2009) and earlier timing of primary productigéahru et al. 2011), the possible effects

of climate change on the structure of arctic fo@bgvare also considered.

MATERIALS AND METHODS
Sudy site

Sampling was conducted within Pangnirtung fjorgust outside the mouth of
Pangnirtung fjord in Cumberland Sound (see Figf@:Imap of sampling locations).
Pangnirtung fjord is characterized by wide (up @0 én) intertidal flats consisting of
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sand, gravel and boulders, and large (up to 7aest(Aitken and Gilbert 198%ucus
grows on boulders in the intertidal and subtidalezoof Pangnirtung fjord, and a benthic
fauna of polychaetes, mollusks and amphipods efimts ~5-50 m depth (Aitken and
Gilbert 1989). Water depth increases towards thdsllaiof Pangnirtung fjord to a
maximum of ~150 m. The ichthyofauna during summelude arctic charSalvelinus
alpinus), capelin Mallotus villosus) and shorthorn sculpimMyoxocephal us scor pius).
Greenland sharks$gmniosus microcephalus) also enter Pangnirtung fjord and ringed
(Pusa hispida) and harp seal$fioca groenlandica) are commonkucus sp. are the
dominant genus covering the shores of Pangnirtjond {B. McMeans personal
observation, Aitken et al. 1988), and was theretmmsidered to be the most likely
source of fresh and detrital macroalgae to conssimghin the sampling area.
Sampling of species

A variety of benthic and pelagic invertebrates wedebrates, as well as POM
and the brown macroaldaucus distichus (rockweed), were collected during summer of
three sequential years: 11 August-7 September ZiDJuly-15 August 2008 and 10-19
August 2009 (see Table 3.1 for species sampleda prasented here were
predominantly collected during 2008 (see Tablef@.Zampling dates), and three
species, rockweedopepod Calanus hyperboreus), and scallopChlamysislandica),
were sampled during both 2008 and 2009 (Table 3.2).

POM was sampled by towing a 1@ plankton net (Wildlife Supply Company®,
Buffalo, New York) from 50 m to the surface andkeeedwas sampled either by hand
(low tide) or by ponar (high tide). Each rockweathple consisted of the tip of one leaf

(i.e. distal end) from one plant. Benthic and pielagvertebrates and vertebrates were
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classified into functional groups based on preViptesported habitat (e.g. benthic versus
pelagic) and diet attributes (e.g. herbivore versaursivore, Table 3.1). These
classifications reflect thdominant habitat and feeding mode of species. For example,
arctic char were classified as pelagic becauseftesl/predominantly on the pelagic
amphipodThemisto libellula (Moore and Moore 1974nd capelin (B.C. McMeans,
personal observation) in Cumberland Sound, althaogi will also consume benthic
amphipods likeGammarus oceanicus (Moore and Moore 1974). Similar-sized
individuals of each species were collected, withakception of adult sculpibue to
size-related diet variability in this species (Gaade 2000), sculpin were separated into
'small' (<24 cm) and 'large’ individuals (>24 ciiHgrbivorous and carnivorous benthos
were sampled using dip nets by wading into watéovattide, except for scallop that
were collected in water 30-40 m deep using a dredgeplankton were captured by
towing a 243um plankton net (Wildlife Supply Company®, Buffaldew York) behind
a boat at the surface and by performing verticaldhhdown to ~40 m. Pelagic fish were
sampled via dip nets and gill nets and the bersttudpin were captured using baited
fishing line. The remaining benthic and benthiciggat fishes were collected using
bottom long lines (typically 50 hooks, ~200 m longlarine mammals were captured
during Inuit subsistence hunting. Multiple indivals (2-10) of each zooplankter,
polychaete worm and benthic amphipod (s&sidhceanicus) were pooled for stable
isotope and fatty acid samples. White muscle tiefss and muscle and blubber (inner
layer) of marine mammals was dissected from theal@urface. All samples were
placed into cyrovials and immediately frozen at’@Q@stable isotopes) and at -80°C

(fatty acids), and kept at these temperatures|, amdilysis.
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Sableisotope analysis

Samples were lipid extracted prior to stable igetanalysis following a modified
Folch et al. (1957) method (detailed in McMeanale2009). Based on suggestions by
Mateo et al. (2008), acid washing was avoided edxdogsamples with potentially high
CaCQ content (i.e. scud due to exoskeleton hrtbrina (periwinkle) due to shell). Due
to the importance of copepdd’C values in determining the proportion of pelagichon
consumed by species (see data analysis sectiowhéhe influence of acid washing on
copepods was also explorechich has been performed by previous researchays (e
Tamelander et al. 2006). Removal of carbonatesashieved using 1M HCI added to
samples drop-by-drop until bubbling ceased (Jatalh 2005). After addition of HCI,
bubbling only occurred with scud and periwinkdedd"*C decreased by 1.50 +0.32 and
5.36+1.62%o0, respectively; the desired effect faboaate removal. Howeved"N also
decreased following the acid washing procedurel(B$+0.67 and 0.33+ 0.82%. for scud
and periwinkle, respectively) and we therefore useN values from non-acid treated
samples. When copepodere acid washed, results were consistent withetobd/1ateo
et al. (2008), because acid treated copepods veessionally enriched it'C by as much
as 0.66%o; an undesirable result. Further, acid imgstnly altered5™*C of copepody
meanzSD of 0.01+0.37%o., and the non acid washedesistitope values were therefore
used for copepad

Following pre-treatment, approximately 0.5 mg atle sample was weighed into
tin capsules and run on a continuous-flow isot@® mass spectrometer (Delta V
Advantage, Thermo Electron) at the Great Lakestuistfor Environmental Research.

Stable isotopes are expressed as defalues wheré X = 1000[Rample Rstandardt) -1],
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and X ='°N or **C and R = the ratio dPN:'*N or **C:*2C. Replicate analyses of NIST
(National Institute of Standards and Technologghdard bovine muscle (NIST 8414, N
= 70) and internal lab standard (tilapia muscle; R) yielded a precision (i.e. one
standard deviation) of 0.14 and 0.25%03bIN and 0.07 and 0.10%. fér>C,
respectively.
Fatty acid analysis

Total lipids were extracted from samples in 2 nil2d (v/v)
chloroform:methanol (Folch et al. 1957). Fatty amiethyl esters were generated (from
the total lipid extract) in a sulphuric-methanolidmn (1:100 mixture) (see Chapter 2,
McMeans et al. 2012 for detailed analytical meth@asl separated on a Hewlett Packard
6890 GC (splitless injection, column = Supelco &BO column). Fatty acids were

identified using a 37-component fatty acid stand&upelco 47885-U).

Data analyses

Values of3'C are higher in macroalgae versus phytoplanktoncancbe applied
to trace the use of these resources by consumgrd~(edriksen 2003). However, using
POM as the baseline for phytoplankton in mixing eleds often not appropriate because
of the difficulty in obtaining a sample free of eticarbon sources and detritus (lken et al.
2010). POM samples can therefore provide inaccuegteesentations of the marine
carbon signature and can result in over-estimaifaonsumer reliance on macroalgae
(Miller and Page 2012). Finally, primary consumems less variable in thed**C than
primary producers with space and time (Vander Zaredal. 1998; Iken et al. 2010).
Therefore, thé"C of a primary consumer of phytoplankton (cepepodC.

hyperboreus; Sgreide et al. 2008) and benthic macroalgae @injectura testudinalis;
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Fredriksen 2003) were used as baselines for cailentaof trophic position (TP) and the
proportion of pelagic carbon consumed.(Both baselines were assigned a trophic
position of 2. There was no difference in the otgdtom one- and two-source TP
calculations (see Post 2002 for implementatiomafsource TP model), and the
following one source TP model was therefore apgioechll individuals:

615Nconsumer - 515Nbaseline
TPeonsumer = TPbaseline + ALSN Eqn' 1

Copepod averag& N (from the same year as the consumer was samplbte 32)
was used as the Npaseinecand 3.4%o was used as the diet-tissue discrimindiotor (i.e.
A™N; Post 2002). One exception to the above was Greersharks. Because TP
calculations for sharks can be problematic, duéoroexample, uncertainty ovar>N
(Hussey et al. 2012), the Greenland shark's TPcadaslated using 2.3%o for the™N,
which was previously derived for large sharks (Hysst al. 2009), and the meafiN of
capelin, which have a relative TP of 3 (Sherwood Rose 2005; McMeans et al. 2010),
as the baseline.

The proportion of phytoplankton (vs rockweed) carlthat was incorporated into
the tissues of consumers (icg.was calculated using a modified version of the-two

source mixing equation (Post 2002; Vander Zandenvadeboncoeur 2002) as follows:

513Cconsumer - [A13C X (TPconsumer - TPbaseline)] - 613Climpet
a= 3 3 x100 Eqgn. 2
) CCalanus_ 6 Climpet

The term AC x (TP.onsumer TPhaselind] accounts for the enrichment of consurtiér at
each trophic step (i.4'%C) above the primary consumer baseline. AH€ was set at
0.8%o (Dunton and Schell 1987; Fredriksen 2003;ailst al. 2008) and T sumerS the

result of the one source TP model for each indiaidEqn. 1).
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Normality was assessed using g-q plots, and hosdlesity via Levene's tests.
Two-way ANOVAs (factors=date and species) were usedentify differences id"C
and3™N between 2008 and 2009 for copepod and scalloprddégae are variable in
their stable isotope values, both among indivighlahts and within different areas of the
same plant (Stephenson et al. 1984; Dunton andI3&&Y). Due to high variability of
Fucus stable isotopes identified in the present studgtike to other species, a separate
Welch'st test was therefore used to compare thei andd™N between sampling dates.
ANOVA followed by Tukey's post hoc tests were usedompared=C, 5°N and TPs
among functional groups (i.e. zooplankton, bentiboasumers). Due to departures from
normality, a Kruskal-Wallis non-parametric ANOVAllimved by Mann-Whitney tests
(with Bonferroni corrections) was used to comp3ir€-derived values af among
functional groups.

Fatty acids were first compared between Cumber&odd rockweed and
published values for POM (from the Canadian ar&teyens et al. 2004). Consistent
with previous work on macroalgae (Bell and Sard&a5; Graeve et al. 1994;
Kharlamenko et al. 1995; St John and Lund 199@kgréinces were as follows: rockweed
had higher 18:2n-6 and 20:4n-6 than POM, wheredd R&l higher 16:1n-7, 22:6n-3
andw3:w6 than rockweed (Table 3.3). Non-metric multidimenal scaling (NMDS,
dimensions = 2, Euclidean distances) was then peéd including these five fatty acids
on Cumberland Sound: 1) rockweed, zooplankton,Hosnand 2) fish and marine
mammal consumers. All analyses were performed (R_ ®Development_Core_Team

2010) and the significance level was conservatigelyat 0.01.
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Food web components were sampled in August tevadiganisms time to
incorporate the signature of their summer diet,clwtshould have been occurring since
ice break up (mid July 2008 and early June 2008\ §table isotope or fatty acid
turnover studies exist for arctic organisms, altftoturnover is likely slow due to cold
temperatures. HoweveC, hyperboreus has a turnover time of 11 d for fatty acids
(Graeve et al. 2005), ar@@hisimus litoralisturned over half of its nitrogen and carbon in
22.4 and 18.7 days, respectively, even at 1°C (iQanfet al. 2008). Nordstrém et al.
(2009) was able to observe differences in isotap@svertebrates and juvenile teleosts
from month to month during the productive periodhia northern Baltic Sea. Even
though August is considered mid to late summeraffiB Island waters (Hsiao 1988),
phytoplankton was still present during samplingdolasn measured values of chlorophyll
a, which were 67.6 mg fon August 14, 2007 (B. McMeans, unpubl. data) ahé g
m on July 31, 2008 (J. Brush, University of Waterlonpubl. data) (integrated over the
upper 40 m). Thus, it seems reasonable that spsamegled in August would reflect their
summer diet from the previous weeks (invertebrateshonths (fishes, mammals), which
for the latter would still be during open waterabideast during ice break up. One definite
exception is the Greenland shark, whose muscléesisdiope and fatty acid values likely
reflect longer incorporation times due to theigkasize and presumably slow growth rate
(MacNeil et al. 2006; MacNeil et al. 2012). Howeudeir stable isotope and fatty acids

values are still informative regarding their ralatiocation within the food web.

RESULTS

No significant inter-annual variability existedd’C or3™N for the three species
sampled in both 2008 and 2009 (i.e. rockweed, Weld¢hst,P>0.01; copepod or
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scallop, two-way ANOVA, botl>0.01). Values 0b6*°N andd"N-derived TPs were
significantly lower in zooplankton and benthos wsrésh and marine mammal
consumers (Table 3.4). At the species level, catedl TPs for zooplankton and benthos
supported their functional group assignments aedipus diet information (Table 3.1)
and ranged from 1.5 to 2.0 in herbivores, fromt&.2.2 in omnivores and from 2.4 to

3.2 in carnivores (Fig. 3.1, Table 3.2). Calculaf&s also agreed with the known diets of
pelagic fish and mammals (2.4 to 3.5), benthicefss(8.9 to 4.1) and was 4.6 in the
benthic/pelagic Greenland shark, which consumégs$isnd marine mammals (Table
3.2).

Values of3**C decreased significantly from benthos to fish araine mammal
consumers to zooplankton, and calculated valuesexthibited the opposite trend (Table
3.4). Thus, coupling of macroalgae and phytoplamktp upper trophic level consumers
was apparent because calculated valuesfof fish and marine mammals (i.e. 58-100)
fell in between, although overlapped with, thabehthos (4-71) and zooplankton (94-
100) (Fig. 3.1). Herbivorous, omnivorous and caonius zooplankton relied entirely on
pelagic carbon based on calculated values>&b5 (Fig. 3.1, Table 3.2). Benthos
exhibited a wider range of resource use, from healignce on macroalgal carbon in
some herbivorous mollusks (i.e. lim@etd periwinklea<5) and the carnivorous
polychaeted=11), to the use of both macroalgae and phytoptemky the benthic
herbivores scallop, clam ar@& oceanicus (0=53 to 71, Table 3.2). The carnivorous
whelk Buccinum cyaneum) and nudibranch appeared to couple the two aforeorestt
groups ¢=46 and 39, respectively, Fig. 3.1). Most of therggecquired by fish and

marine mammal consumers in Cumberland Sound ukimatose from phytoplankton
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production based om values ranging from 58 to 100 (Fig. 3.1). Howeweacroalgae

did contribute to the energy acquired by severkdge fish and mammals (e.g. char and
harp sealp=85 and 71, respectively) as well as large indialdwf the benthic sculpin

(a =58, Table 3.2).

The NMDS performed on rockweed and invertebratg fecids supported-C-
derived values ofi because all zooplankton separated away from roettdee to higher
proportions of phytoplankton trophic markers (167LiDHA andw3:w6), and lower
proportions of macroalgae markers 18:2n-6 and 20:4fig. 3.2A, Table 3.3). Benthos,
on the other hand, clustered more closely to roekirie to high proportions of 18:2n-6
and 20:4n-6 (Fig. 3.2A). The three herbivorous bestwith intermediata values also
exhibited fatty acid evidence of phytoplankton agnption due to high 16:1n-7 in clam
and scud and high 22:6n-3 in scalléjig. 3.2A), and their location relative to rockwiee
on these plots indicates higher reliance on phgdgdbn by the bivalves and reliance on
both rockweed and phytoplankton by scud. The caroivs mollusks, whelk and
nudibranch, fell in between the rockweed- and ppigiokton- reliant invertebrates on the
NMDS plot (Fig. 3.2A), supporting the suggestiondbthat they coupled these two
resource compartments.

NMDS performed on consumers revealed that pefeficand mammals
separated from each other due to different relatorgributions of phytoplankton trophic
markers (Fig. 3.2B, Table 3.3), supporting reliaonghytoplankton as indicated by
a values. Unlike the other fatty acid biomarkers,gamions of 18:2n-6 varied little
among consumer species (1.1-1.8%, Table 3.3) aychotebe useful as a macroalgae

biomarker in upper trophic levels (which agreeswaésults of Hall et al. 2006).
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Proportions of 20:4n-6, on the other hand, varredhf0.4% in pelagic fish like capelin to
4.4% in benthic fish like sculpin (Table 3.3), whicoincides with lower and high&t*C

in these fishes, respective§{C capelin=19.37+ 0.15, large sculpin=-16.79 + 1.07),
indicating that 20:4n-6 can trace macroalgae usapipgr trophic levels. Further
exploration of 20:4n-6 among consumers indicateniedsing proportions from

3.5%£1.5% in benthic to 1.5+£0.2% in benthic/pelagi©.4+0.2% in pelagic consumers.
These differences were significant based on a Kaltdkallis non-parametric ANOVA
(x?=39.8, DF=2P<0.001). Thus, the macroalgae biomarker 20:4n-psued values of

a in indicating greater reliance on rockweed carbpibénthic fishes like sculpirES8-
74)than by pelagic fishes like capelm<96). One exception is the skate=(00), which
had higher proportions of 20:4n-6 than capelin (@&b3), suggesting greater reliance on
rockweed-consuming prey by skate than indicated bglues. Based on combined stable
isotope and fatty acid data, all fish and marinenmal species sampled acted as couplers
of phytoplankton and rockweed to some extent exiwegterring Clupea harengus) and

capelin (botho >95).

DISCUSSION
The exclusive use of phytoplankton by all zooplank$pecies, and rockweed by

several benthos, is consistent with the expectdtianlower trophic levels tend to feed
within resource compartments (McCann and Roone@P@ombined with the
observation that most fish and marine mammal corssimelied to some extent on both
phytoplankton and rockweed (i.e. all except capatid herring had<85), results from

Cumberland Sound indicate that, at least when sathhiring the productive period, an
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arctic food webs was structured such that resocoogartments based on different basal
resources were coupled by upper trophic levelschvieaffirms previously identified
food web structures (Post et al. 2000; Rooney. &046; McCann and Rooney 2009).
For the top predators in Cumberland Sound, phytdgta was the dominant energy
source based on valuesofind fatty acid trophic markers. This is perhapssooprising
considering the importance of fresh phytoplanktod phytodetritus as an energy source
to both benthic and pelagic consumers in manyasetas (e.g. Falk-Petersen et al. 2007;
Iken et al. 2010; Renaud et al. 2011). As obseprediously in the Beaufort Sea
(Dunton and Schell 1987), however, macroalgae \¢asidilized by several benthic and
pelagic species, indicating that thecus lining the shores of Pangnirtung fjord does play
arole in fueling the food web. This structure waswever, highly skewed such that top
predators ultimately derived the majority of thefrergy from phytoplankton.

The phytoplankton and rockweed consumed by bentiese likely in the form
of detritus, based on high&C in the bivalves and scudlative to zooplankton
(sedimenting POM and detritus becomes isotopi@ailyched, Lovvorn et al. 2005) and
the ~1%o. lowe3"C of limpet versus rockweed (Table 3.2) (rockweettitlis was
depleted inC versus fresh material, Fig. 6.5). Previous stitigve also found that
benthos rapidly exploit phytodetritus (Grebmeied &arry 1991), and that 'aged'
macroalgae is more palatable for consumers thah freacroalgae (Norderhaug et al.
2003). Thus, a consumer in Cumberland Sound tlegspn herbivorous zooplankton
and amphipods, for example, like arctic cfdoore and Moore 1974), could obtain
carbon that originated from two different phytogtton pools: phytoplankton (consumed

by zooplankton) and phytodetritus (consumed by apgals), as well as from
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macroalgae (consumed by amphipods). Results fromb@dand Sound support
previous conclusions that the benthos use a gresatge of resources than zooplankton
(Iken et al. 2005; Tamelander et al. 2006), whechriportant for allowing benthos to
maintain greater biomass in areas than would ofilserlae possible on autochthonous
production alone (Feder et al. 2011). However, dasethe present study, the benthos
are also important for making arctic food webs nreteulate by increasing theimber

of resources made available to ultimately suppatipction in upper trophic levels.

The reliance by different benthic species on déffik resources also created a set
of distinct resource compartments within the bestmeacroalgae and phytodetritus, that
were apparently coupled by the benthic predatordkndind nudibranch. Other highly
mobile, benthic omnivores that can move long dstarand feed on both benthic and
pelagic prey (e.g. crabs and shrimps, Feder @04l1) would also be expected to couple
distinct resource compartments within the bentbadfweb. The results reported here are
among the first empirical evidence to support tiggestion by McCann and Rooney
(2009) that the coupling of different resource caniments is repeated at various scales
(i.e. within a trophic level, within an ecosystdmeiween ecosystems), and provides
additional evidence of the importance of the besftioo arctic food web structure.

It is important to consider that the pulsed natfrphytoplankton growth in arctic
seas (Weslawski et al. 1991; Forest et al. 200&8)advionpart a temporal aspect to the
food web structure reported here. Early duringgtmeluctive period, energy derived
from phytoplankton would rapidly reach top predattirough the pelagic pathway (Fig.
3.3), given the efficient trophic transfer of phptankton through food webs (Rooney et

al. 2006). During this time there would be relalyuétle detritus in the water column
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(e.g. during spring blooms, Sgreide et al. 2006grBy derived ultimately from
phytoplankton, but routed through the benthic clehfire. via phytodetritus), would
reach upper trophic levels later in the seasondtd#/the end of the bloom in late
summer or fall, Fig. 3.3). One of the major elersg¢htough which asynchronous
resources coupled in space confer stability to feels is the top-down induced
asynchrony in resource abundance between resoomggactments (Rooney et al. 2006;
McCann and Rooney 2009). Based on results of theept study, arctic food webs
appear to be structured such that benthic and ipakegpurce abundance is
asynchronous, but driven by the bottom-up effequw$ed phytoplankton growth, which
is a different (but not exclusive) mechanism td firaposed by Rooney et al. (2006).
The possibility that ice algae, not phytoplanktsinking to the benthos
contributed to highw3s and 16:1n-7 observed in the suspension feedwatybs and
scudin Cumberland Sound cannot be discounted (becaasand pelagic algae can have
similar fatty acids; Sgreide et al. 200Bpwever, based on low 20:4n-6 and high 16:1n-
7, 22:6n-3 andu3:w6 PUFAS, macroalgae was not the major source afjgrie these
species. Other potential energy sources not sanmeledinclude terrestrial carbon, which
can be very important to consumers in some aretis ¢e.g. Beaufort Sea, Dunton et al.
2006). However, we found no evidence for the useméstrial carbon by the species
sampled in Cumberland Sound because terrestrigriabis depleted in°C relative to
carbon of marine origin (terrestrial -27 to -31%&nme -22 to -25%o., Dunton et al.
2006). POM samples from Cumberland Souad.(30), and primary consumers of

phytoplankton (e.gC. hyperboreus, -20.3%o) clearly had marin&"3C signatures.
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Drawing from recent food web theory (Rooney eR8D6), any action that
increases resource homogenization or decreasagcesmupling by upper trophic levels
could negatively impact arctic food webs (Roonegle2008; McCann and Rooney
2009). Global climate change is the most likelyseaaf such changes, which has already
resulted in altered timing of primary productiordasommunity structure (reviewed by
Wassmann et al. 2011). Predicting the consequearicearming temperatures is difficult
(Carmack and Wassmann 2006), but plausible changkesle: 1) decreased food
guantity and quality (e.g. regarding polyunsatuddggty acid content) reaching the
benthos (due to less intense, lower quality phyoktion production) (Weslawski et al.
2011), and 2) decreased benthic biomass (due teased habitat homogenization
associated with permafrost melt and increased sadation) (Weslawski et al. 2011).
On the other hand, macroalgae biomass could inengrl decreased ice cover due to
decreased ice scouring (Weslawski et al. 2011) canttl become increasingly important
for supporting benthic biomass in the face of dased pelagic-benthic coupling.

From a top-down perspective, the northward expanst mobile consumers into
the arctic could impact the extent of resource GongpReductions in sea ice and warmer
temperatures have already resulted in the oncédigethdminated community of the
Bering Sea shifting towards dominance by pelagie (Hunt et al. 2002, Grebmeier et al.
2006). Increasing contribution of pelagic consunterarctic food webs, like capelin and
herring (i.e.a>95, this study) that have already expanded intmi@rland Sound, could
serve to decrease the presence of resource couplargtic food webs.

In summary, results from the present study indithat the food web of an arctic,

seasonally ice-covered fjord is structured in alainmanner to that previously reported
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for other food webs. Specifically, heterogeneitypasal resources and feeding of
consumers (within and between resource compartineete found to exist even in a
food web that experiences high seasonality. Preva@gertions about arctic food webs
(Iken et al. 2005; Renaud et al. 2011) were alppasued because phytoplankton and
phytodetritus were significant contributors to thed web, and the benthos consumed a
range of different resource types. From a food petspective, it is not changes in
biomass or species composition, per se, but thevahof variability in resource use
among, and perhaps within, species that is theeBigfreat to arctic food web

persistence.

80



REFERENCES

Aitken AE, Gilbert R (1989) Holocene nearshore emvinents and sea-level history in Pangnirtung fjord
Baffin Island, NWT, Canada. Arct Alp Res 21 (1):34-

Aitken AE, Risk MJ, Howard JD (1988) Animal-sedinieelationships on a subarctic intertidal flat,
Pangnirtung Fiord, Baffin Island, Canada. J SedinRas 58 (6):969

Bell M, Sargent J (1985) Fatty acid analyses ofsphoglycerides from tissues of the cl@mamys
islandica (Muller) and the starfistenodiscus crispatus (Retzius) from Balsfjorden, northern
Norway. J Exp Mar Biol Ecol 87 (1):31-40

Cardinale M (2000) Ontogenetic diet shifts of bolit, Myoxocephalus scorpius (L.), in the south western
Baltic Sea. J Appl Ichthyol 16 (6):231-239

Carmack E, Wassmann P (2006) Food webs and physaabical coupling on pan-Arctic shelves:
Unifying concepts and comprehensive perspectivesy Pceanogr 71 (2-4):446-477

Dolson R, McCann K, Rooney N, Ridgway M (2009) Lakerphometry predicts the degree of habitat
coupling by a mobile predator. Oikos 118 (8):12238

Dunton KH, Schell DM (1987) Dependence of consumersiacroalgall(aminaria solidungula) carbon
in an arctic kelp community®>C evidence. Mar Biol 93 (4):615-625

Dunton KH, Weingartner T, Carmack EC (2006) Thersleare western Beaufort Sea ecosystem:
circulation and importance of terrestrial carbomiotic coastal food webs. Prog Oceanogr 71 (2-
4):362-378

Falk-Petersen S, Mayzaud P, Kattner G, Sargen2089] Lipids and life strategy of Arcticalanus. Mar
Biol Res 5 (1):18-39

Falk-Petersen S, Pavlov V, Timofeev S, Sargen2IR{) Climate variability and possible effects octia
food chains: The role d@alanus. In: @rbeek JB, Kallenborn R, Tombre I, Hegseth Ealk-
Petersen S, Hoel AH (eds) Arctic Alpine Ecosystamd People in a Changing Environment.
Springer-Verlag, Heidelberg, pp 147-166

Feder HM, lken K, Blanchard AL, Jewett SC, Schogt®1(2011) Benthic food web structure in the
southeastern Chukchi Sea: an assessment &S@ndd™ N analyses. Polar Biol 34 (4):521-532

Folch J, Lees M, Sloane-Stanley GH (1957) A sinmpé&thod for the isolation and purification of total
lipids from animal tissues. J Biol Chem 226 (1):45909

Forest A, Sampei M, Makabe R, Sasaki H, Barber Gfafton Y, Wassmann P, Fortier L (2008) The
annual cycle of particulate organic carbon expofianklin Bay (Canadian Arctic):
Environmental control and food web implication&dophys Res 113:C03S05

Fredriksen S (2003) Food web studies in a Norwekidp forest based on stable isotopE¢ andd™N)
analysis. Mar Ecol Prog Ser 260:71-81

Graeve M, Albers CS, Kattner G (2005) Assimilataord biosynthesis of lipids in ArctiCalanus species
based on feeding experiments witl’@ labelled diatom. J Exp Mar Biol Ecol 317 (1):1025

81



Graeve M, Kattner G, Hagen W (1994) Diet-inducedrdes in the fatty acid composition of Arctic
herbivorous copepods: experimental evidence ohimomarkers. J Exp Mar Biol Ecol 182 (1):97-
110

Grebmeier JM, Barry JP (1991) The influence of aogmaphic processes on pelagic-benthic coupling in
polar regions: a benthic perspective. J Mar Sy8t2):495-518

Grebmeier JM, Overland JE, Moore SE, Farley EVn@ank EC, Cooper LW, Frey KE, Helle JH,
McLaughlin FA, McNutt SL (2006) A major ecosystehifsin the northern Bering Sea. Science
311 (5766):1461

Hall D, Lee SY, Meziane T (2006) Fatty acids aplio tracers in an experimental estuarine foodrchai
Tracer transfer. J Exp Mar Biol Ecol 336 (1):42-53

Himmelman J, Hamel JR (1993) Diet, behaviour ampia@uction of the whelBuccinum undatum in the
northern Gulf of St. Lawrence, eastern Canada. Biair116 (3):423-430

Hobson KA, Fisk AT, Karnovsky N, Holst M, Gagnon JRbrtier M (2002) A stable isotop&*{C, 5*°N)
model for the North Water food web: implications é&valuating trophodynamics and the flow of
energy and contaminants. Deep-Sea Res (2 Top StednOgr) 49 (22-23):5131-5150

Hsiao SIC (1988) Spatial and seasonal variatioqsimary production of sea ice microalgae and
phytoplankton in Frobisher Bay, Arctic Canada. Mabl Prog Ser 44:275-285

Hudon C (1983) Selection of unicellular algae by littoral amphipod§&ammarus oceanicus and
Calliopius laeviusculus (Crustacea). Mar Biol 78 (1):59-67

Hunt GL Jr., Stabeno P, Walters G, Sinclair E, BurdRD, Napp JM, Bond NA (2002) Climate change
and control of the southeastern Bering Sea pelmisystem. Deep-Sea Res (2 Top Stud
Oceanogr 49:5821-5853

Hussey N, MacNeil MA, Olin J, McMeans BC, Kinney Mdhapman D, Fisk AT (2012) Stable isotopes
and elasmobranchs: tissue types, methods, applisasind assumptions. J Fish Biol.
doi:d0i:10.1111/j.1095-8649.2012.03251.x

Hussey NE, Brush J, McCarthy ID, Fisk AT (2068 and**C diet—tissue discrimination factors for large
sharks under semi-controlled conditions. Comp BémehPhysiol -A. doi:. doi:
10.1016/j.cbpa.2009.09.023

Iken K, Bluhm B, Dunton K (2010) Benthic food-wetpucture under differing water mass propertiehin t
southern Chukchi Sea. Deep-Sea Res (2 Top Stuchogesb7 (1-2):71-85

Iken K, Bluhm B, Gradinger R (2005) Food web stmuetin the high Arctic Canada Basin: evidence from
5" C andd™N analysis. Polar Biol 28 (3):238-249

Jacob U, Mintenbeck K, Brey T, Knust R, Beyer K{2p Stable isotope food web studies: a case for
standardized sample treatment. Mar Ecol Prog Se288-253

Kahru M, Brotas V, Manzano-Sarabia M, Mitchell B){2) Are phytoplankton blooms occurring earlier in
the Arctic? Global Change Biol 17:1733-1739

82



Kaufman MR, Gradinger RR, Bluhm BA, O’'Brien DM (280Using stable isotopes to assess carbon and
nitrogen turnover in the Arctic sympagic amphigaalsimus litoralis. Oecologia 158 (1):11-22

Kharlamenko V, Zhukova N, Khotimchenko S, Svetastieilamenev G (1995) Fatty acids as markers of
food sources in a shallow-water hydrothermal edesygKraternaya Bight, Yankich Island,
Kurile Islands). Mar Ecol Prog Ser 120:231-241

Laroche JL (1982) Trophic patterns among larvaivefspecies of sculpins (Family: Cottidae) in aiiva
estuary. Fish Bull 80 (4):827-840

Levin SA (1998) Ecosystems and the biosphere apleonadaptive systems. Ecosystems 1 (5):431-436

Lovvorn JR, Cooper LW, Brooks ML, De Ruyck CC, Bugdtf, Grebmeier JM (2005) Organic matter
pathways to zooplankton and benthos under packi ilege winter and open water in late summer
in the north-central Bering Sea. Mar Ecol Prog Z3r:135-150

MacNeil MA, Drouillard KG, Fisk AT (2006) Variableptake and elimination of stable nitrogen isotopes
between tissues in fish. Can J Fish Aqu Sci 63{5:353

MacNeil MA, McMeans BC, Hussey N, Vecsei P, SvasarsJ, Kovacs KM, Lydersen C, Treble MA,
Skomal G, Ramsey M, Fisk AT (2012) Biology of thee€nland sharkomniosus microcephalus
Bloch and Schneider, 1801. J Fish Biol. doi:10.111095-8649.2012.03257 .x

Markus T, Stroeve JC, Miller J (2009) Recent charigéArctic sea ice melt onset, freezeup, and melt
season length. J Geophys Res 114 (C12024):1-14

Mateo MA, Serrano O, Serrano L, Michener RH (20B8gcts of sample preparation on stable isotope
ratios of carbon and nitrogen in marine invertedsaimplications for food web studies using
stable isotopes. Oecologia 157 (1):105-115

McCann KS, Rooney N (2009) The more food webs chatig more they stay the same. Philos Trans R
Soc Lond, Ser B 364 (1524):1789

McMeans BC, Arts MT, Rush S, Fisk AT (2012) Seaspadterns in fatty acids d@@alanus hyperboreus
(Copepoda, Calanoida) from Cumberland Sound, Bégfand, Nunavut. Mar Biol.
doi:10.1007/s00227-012-1889-6

McMeans BC, Olin JA, Benz GW (2009) Stable-isotopmparisons between embryos and mothers of a
placentatrophic shark species. J Fish Biol 75 pUB4-2474

McMeans BC, Svavarsson J, Dennard S, Fisk AT (201€) and resource use among Greenland sharks
(Somniosus microcephalus) and teleosts sampled in Icelandic waters, utf@, 3°N, and
mercury. Can J Fish Aqu Sci 67 (9):1428-1438

Miller RJ, Page HM (2012) Kelp as a trophic reseuiar marine suspension feeders: a review of isstop
based evidence. Mar Biol. doi:10.1007/s00227-012913

Moore J, Moore | (1974) Food and growth of Arctitac Salvelinus alpinus (L.), in the Cumberland Sound
area of Baffin Island. J Fish Biol 6 (1):79-92

83



Nilsen MNM, Pedersen TPT, Nilssen EMNEM, Fredrik&#H#5 (2008) Trophic studies in a high-latitude
fjord ecosystem-a comparison of stable isotopeyaral( 13C and 15N) and trophic-level
estimates from a mass-balance model. Can J FistB5a065 (12):2791-2806

Norderhaug K, Fredriksen S, Nygaard K (2003) Tropimiportance of Laminaria hyperborea to kelp forest
consumers and the importance of bacterial deg@dadifood quality. Mar Ecol Prog Ser
255:135-144

Nordstrém M, Aarnio K, Bonsdorff E (2009) Tempovaliability of a benthic food web: patterns and
processes in a low-diversity system. Mar Ecol P3eg378:13-26

Pages F, Gonzalez HE, Gonzalez SR (1996) Dieteoféihatinous zooplankton in Hardangerfjord
(Norway) and potential predatory impactAglantha digitale (Trachymedusae). Mar Ecol Prog
Ser 139:69-77

Paine RT (1988) Road Maps of Interactions or GoisfTheoretical Development? Ecology 69 (6):1648-
1654

Pearre Jr. S (1973) Vertical migration and feedingagitta elegans Verrill. Ecology 54 (2):300-314

Pepin P, Penney R (1997) Patterns of prey sizé¢asmhomic composition in larval fish: are there gieth
size dependent models? J Fish Biol 51:84-100

Petersen JK, Sejr MK, Larsen JEN (2003) Clearaatsrin the Arctic bivalveldiatella arctica andMya
sp. Polar Biol 26 (5):334-341

Post DM (2002) Using stable isotopes to estimatettic position: models, methods, and assumptions.
Ecology 83 (3):703-718

Post DM, Conners ME, Goldberg DS (2000) Prey pesfee by a top predator and the stability of linked
food chains. Ecology 81 (1):8-14

R_Development_Core_Team (2010) R: A language awmglcenment for statistical computing. R
Foundation for Statistical Computing. Vienna, AisstURL http://www.R-project.org

Renaud PE, Tessmann M, Evenset A, Christensen GNL{Benthic food-web structure of an Arctic fjord
(Kongsfjorden, Svalbard). Mar Biol Res 7 (1):13-26

Rooney N, McCann K, Gellner G, Moore JC (2006) &tital asymmetry and the stability of diverse food
webs. Nature 442 (7100):265-269

Rooney N, McCann KS, Moore JC (2008) A landscapemhfor food web architecture. Ecol Lett 11
(8):867-881

Scott WB, Scott MG (1988) Atlantic fishes of Canadaiversity of Toronto Press, Toronto, Canada

Sherwood GD, Rose GA (2005) Stable isotope anabfsseme representative fish and invertebratebef t
Newfoundland and Labrador continental shelf footwestuar Coast Shelf Sci 63 (4):537-549

Sgreide JE, Falk-Petersen S, Hegseth EN, Hop HolCEIL, Hobson KA, Blachowiak-Samolyk K (2008)
Seasonal feeding strategiesGaanus in the high-Arctic Svalbard region. Deep-Sea ReS¢p
Stud Oceanogr) 55 (20-21):2225-2244

84



Sgreide JE, Hop H, Carroll ML, Falk-Petersen S,dd¢ig EN (2006) Seasonal food web structures and
sympagic-pelagic coupling in the European Arcticeded by stable isotopes and a two-source
food web model. Prog Oceanogr 71 (1):59-87

St John M, Lund T (1996) Lipid biomarkers: linkitige utilization of frontal plankton biomass to enbed
condition of juvenile North Sea cod. Mar Ecol P®@gy 131 (1-3):75-85

Steneck R, Watling L (1982) Feeding capabilitied Bimitation of herbivorous molluscs: a functional
group approach. Mar Biol 68 (3):299-319

Stephenson R, Tan F, Mann K (1984) Stable carlminps variability in marine macrophytes and its
implications for food web studies. Mar Biol 81 (33-230

Stevens CJ, Deibel D, Parrish CC (2004) Copepodwamnin the North Water Polynya (Baffin Bay)
during autumn: spatial patterns in lipid compositibeep-Sea Res (1 Oceanogr Res Pap) 51
(11):1637-1658

Tamelander T, Renaud PE, Hop H, Carroll ML, Ambras@&/G, Hobson KA (2006) Trophic relationships
and pelagic-benthic coupling during summer in tlaedBts Sea Marginal Ice Zone, revealed by
stable carbon and nitrogen isotope measurementsEbtd Prog Ser 310:33-46

Vander Zanden MJ, Hulshof M, Ridgway MS, Rasmusk2i1998) Application of stable isotope
techniques to trophic studies of age-0 smallmoasbTrans Am Fish Soc 127 (5):729-739

Vander Zanden MJ, Vadeboncoeur Y (2002) Fishestagriators of benthic and pelagic food webs in
lakes. Ecology 83 (8):2152-2161

Wassmann P, Duarte CM, Agusti SS, M.K. (2011) Faatpg of climate change in the Arctic marine
ecosystem. Global Change Biol 17 (2):1235-1249

Weslawski J, Kwasniewski S, Wiktor J (1991) Wintea Svalbard Fiord Ecosystem. Arctic 44 (2):115-
123

Weslawski JM, Kendall MA, Wlodarska-Kowalczuk M eik K, K dra M, Legezynska J, Sejr MK (2011)
Climate change effects on Arctic fjord and coastatrobenthic diversity—observations and

predictions. Mar Biodiversity:1-15

85



Table 3.1. Functional group membership of spea@egpéed from Cumberland Sound
during summer (August) and associated codes forlFiBenthic herbivores are either
filter-feeders (FF) or grazers (G). Major diet iteare provided from locations as near to

the east coast of Baffin Island as possible.

Functional Group Species Fig. 1 Diet items
code
Zooplankton

herbivores Calanus hyperboreus 1 Phytoplanktoh
Mysis oculata’ 2 phytoplankton, macroalgae

omnivores Aglantha digitale 3 phytoplankton, copepods, detrftus
Myoxocephalus scorpius (larvae) 4 diatomsBalanus naupulif
Sichaeus punctatus (larvae) 5 bivalve larvag

carnivores Sagitta sp. 6 zooplanktch

Benthos
herbivores Chlamysidandica (FF) 7 phytoplankton, detrit(s
Hiatella arctica (FF) 8 phytoplankton, detrittis
Gammar us oceanicus (G) 9 Phytoplankton, macroalgae, detritus

Littorina (G) 10 alga®
Tectura testudinalis (G) 11 alga¥

carnivores Buccinum cyaneum 12 polychaetes, bivalves, carrtdn
Nudibranch 13 unknown
Polychaete 14 predatory based on mouth parts (

large fangs)
Fish consumers

pelagic Clupea harengus 15 zooplanktott 3
Mallotus villosus 16 zooplanktof?
Salvelinus alpinus 17 Themisto™, M. villosus®, Mysis™

benthic Amblyraja hyperborea 18 Lebbeus polaris*?

Myoxocephal us scor pius
(small, <24cm)
Myoxocephal us scor pius
(large, >24cm)

19 IsopodsMysis****

20 C. harengus®® crat?, M. scorpius*?

benthic/pelagic ~ Somniosus microcephalus 21 P. hispida, R. hippog|ossoides, M.

scor pius*?
Mammal
consumers
pelagic Phoca groenlandica 22 Themisto, M. villosus™
Pusa hispida 23 Themisto™

“benthic-associated but captured in zooplanktor] Retferences-Soreide et al. 2008Dunton and Schell
1987;%Pages et al. 1996t aRoche 1982:Pepin and Penney 19FPearre Jr. 1973Bell and Sargent
19858 Petersen et al. 20034udon 1983° Steneck and Watling 19834immelman and Hamel 1993;
B.C. McMeans, unpublished data from Cumberland 8qtirScott and Scott 198$Moore and Moore
1974;° Cardinale 2000
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Table 3.2. Sampling year, mean + SO56TC ands™N (%0) and mean relative trophic
positions (TP), proportional reliance on pelagicdoa @) and carbon:nitrogen (C:N) for

Cumberland Sound species sampled in August.

Species Date n Tissue [ 3N TP a CN
Primary produce
POM 2008 1 w -22.13 8.24 8.5
Fucus sp. 2008 3 Leaf -1487+1.17 6.40+1.08 29.5
2009 3 -15.13+1.80 7.49+1.29 32.1
Invertebrates
Aglantha digitale 2008 7 w -20.46 +0.26 10.12+ 207 99 3.3
Chlamysidandica 2008 5 M -18.63+0.65 9.65+0.16 1.93 59 3.3
20095 M -18.79+£0.20 8.89+0.38 1.71 53 3.3
Hiatella arctica 2008 5 Ma  -19.52+0.23 8.14+043 14971 3.9
Littorina sp. 2009 5 w -16.13+0.62 9.39+050 1855 4.4
Buccinum cyaneum 2008 5 F -17.27+0.63 1292+ 290 46 3.5
Tectura testudinalis 2008 5 F -1596+£0.46 9.87+0.19 2.00 4 3.7
Nudibranch 2008 2 w -16.81+0.23 1354+ 3.08 39 3.8
Polychaete 2008 3 w -16.18+0.80 1121+ 239 13 3.8
Calanus hyperboreus 2008 5 w -20.37+0.14 9.88+0.53 2.00 98 3.5
20095 w -20.84+£0.49 9.90+0.34 2.00 96 3.7
Gammar us oceanicus 2008 7 W -1855+£0.29 9.48+0.71 1.8857 5.0
Mysis oculata 2009 5 w -20.79+0.10 9.02+0.13 1.74 95 3.6
Sagitta sp 2008 2 w -19.25+0.47 14.1+0.01 3.17 94 3.2
Elasmobranchs
Somniosus microcephalus 2008 15 M -17.74+0.67 17.07+ 455 77 3.3
Amblyraja hyperborea 2007 1 M -18.37 16.79 3.89 100 3.3
Teleosts
Clupea harengus 2007 1 M -19.85 13.40 2.89 100 34
Salvelinus alpinus 2008 10 M -18.61+0.23 1451+ 336 85 3.3
Mallotus villosus 2008 7 M -19.37+0.15 1351+ 3.07 96 3.3
Myoxocephalus scorpius, la 2008 16 W -20.54+0.44 1054+ 219 95 3.4
Myoxocephalus scorpius, S 2008 3 M -17.99+058 1507+ 353 74 3.3
Myoxocephalus scorpius, L 2008 4 M -16.79+1.07 17.17+ 4.14 58 3.3
Sichaeus punctatus, la 2009 18 W -21.09+0.22 1063+ 222 100 3.4
Mammals
Phoca groenlandica (PI) 2008 6 M -17.95+0.13 1466+ 340 71 3.3
Pusa hispida (PI) 2008 4 M -18.40+0.38 1492+ 348 82 3.4

la=larval fish;S=smalM. scorpius (<24cm); L=largeM. scorpius (>24cm); Tissue analyzed-W: whole, M:
muscle, Ma: mantle, F: foot
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Table 3.3. Fatty acids (% of total, mean +SD) afamrisms sampled from Cumberland Sound. Fatty agéds used as
indicators of reliance on either phytoplanktdhdr macroalga€{) among consumers. Tissue analyzed is the sanue as f

stable isotopes (see Table 3.2), with the excephiahblubber was analyzed for mammal fatty acids.

Species Date n % Lipid 16:1n-7 18:2n-6'  20:4n-&' 22:6n-3 w3to6
POM (Stevens et al. 20" 199¢ nr 155+4.! 1.7+£0. 0.4 +0.C 8.5+ 3.¢ 12.5 + 3.¢
Fucus sp. 2008 3 43+3 19+1 13.7+04 99+36 56004 0.5+0.1
Invertebrates
Chlamysidlandica 2008 4 5.3+04 32+03 16+1.2 1.5+02 32814 13.2+3.8
2009 5 5.1+0.2 204 1.4+038 1.4+0.2 26.1+25 6+1.3
Hiatella arctica 2008 5 9.4+2 16.1+3.2 1.8+0.3 1.6+£0.6 MI6 6.1+04
Buccinum cyaneum 2008 7 6.2+0.8 11+03 29+338 46+0.9 9B3 3.3+0.7
Tectura testudinalis 2008 5 9+3.1 47+38 5+33 129+4.2 0920 11+04
Nudibranch 2008 1 10.9 1.1 8.6 8.7 18.9 2.5
Polychaete 2008 3 8.4+1.2 47+1 2.3+0.3 043 2+0.1 3.3+0.3
Calanus hyperboreus 2008 5 36+3 17.3+0.7 35%+0.1 0.2+0 89+1 39+0.2
Gammar us oceanicus 2008 2 10.4+0.3 10.8+0.4 4.6+0.8 16+£0.2 1508 220
Mysis oculata 2009 5 10.3+0.7 38+12 18+0.1 12+01 12418 7.3+1.1
Fishes
Somniosus microcephal us 2008 15 54.6+3.3 6.8+£0.7 1.1+0.1 1.5+£0.2 4808 45+0.3
Amblyraja hyperborea 2007 1 6.5 4.4 1.3 3.7 25.6 7.1
Salvelinus alpinus 2008 7 22.7+10.6 164+6.1 15+05 04+01 09%23 691
Mallotus villosus 2008 7 17 £10.2 72+29 12+0.2 0.4+0.1 241.4 149+4.6
Myoxocephal us scor pius 2009 16 15.1+28 74+45 1.4%07 1.0x05 958 9.7+x4.7
Myoxocephalus scorpius (small) 2008 3 6.4+£0.5 71+16 1.7+x04 2.3+05 2434 8319
Myoxocephalus scorpius (large) 2008 4 54+£1.1 46+06 1.3+0.1 44+15 264 6.9+£29
Sichaeus punctatus (larval) 2009 17 139%1.2 3.3+£06 0.7+x0.1 86.1 341+£3.7 16.6+3.3
Mammals
Phoca groenlandica 2008 6 88.6+18.8 18.1+3 1.8+0.3 0.4+0.1 0134 5.3+0.3
Pusa hispida 2008 6 89.9+81 22+51 16+0.2 0.5+0.3 058 57+1

'POM/seston from Stevens et al. 2004: sampled Autl®99 from southeast stations of North Water Polgreurface waters. nr: not reported
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Table 3.4. Significant differences in several feaeb metrics among Cumberland Sound

functional groups based on three ANOVAs and oneskaitWallis non-parametric
ANOVA.

Metric Functional Group Test statistic DF P
Vertical food web structure
3N zooplankton = benthos < consumersF=255.01 2,150 <0.001
TP zooplankton = benthos < consumersF=46.174 2,150 <0.001
Horizontal food web structure
3C zooplankton < consumers < benthosF=134.57 2,150 <0.001
a benthos < consumers < zooplanktony?=108.36 2 <0.001

TP: 5'°*N-derived trophic positiony: 3**C-derived % reliance on pelagic carbon; DF: degoééseedom
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Fig. 3.1. Percent (%) reliance on pelagic carlwgraqd trophic positions of benthos
(black), zooplankton (white) and fish and marinenma@al consumers (grey) from

Cumberland Sound (mean + SE, see Table 3.1 for aundales). Values af are the

results of a two-soura®>C mixing model with primary consumers of phytoplrkand

macroalgae as baselines. Trophic positions wereileaéd using a one-sour@>N-

based model.
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Fig. 3.2. Results of non metric multidimensionalsw performed on: Afrucus, zooplankton
and benthos (dimensions = 2, stress = 0.04), arfiglBand marine mammal consumers
(dimensions = 2, stress = 0.02) sampled during AuiguCumberland Sound. Symbol colours

reflect percent reliance on pelagic carbahdalculated frond"*C.
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Fig. 3.3. Hypothetical transfer of energy throughtf(phytoplankton) and slow (macroalgae and plegtdads) channels in an
arctic marine food web during the spring/summepbidA) and towards the end of the bloom in late m@nifall (B). During
the bloom, energy is rapidly and efficiently traarséd through the pelagic pathway (some phytoptankettling to the
benthos indicated by dashed arrows, (A). As therblprogresses, ample phytoplankton is reachingebdloor, is exploited
by the benthos and is eventually transferred thndbg benthic pathway (B). Macroalgae continudsettransferred from
benthos to upper trophic levels during early (A) &ate bloom (B) scenarios, although in lower gitestthan phytoplankton
(A) and phytodetritus (B).
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CHAPTER 4

SIMILARITY BETWEEN PREDATOR AND PREY FATTY ACID PROILES IS
TISSUE DEPENDENT IN GREENLAND SHARKS (SOMNIOSUS
MICROCEPHALUS): IMPLICATIONS FOR DIET RECONSTRUCTID

McMeans, BC, Arts, MT, Fisk, AT. Similarity betweenedator and prey fatty acid
profiles is tissue dependent in Greenland sh&srfiosus microcephalus): implications
for diet reconstruction. Submitted to Journal opEsmental Marine Biology and

Ecology
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INTRODUCTION

Sharks are important predators in marine and shakaters, affecting prey
populations both directly (i.e. predation) and redtly (e.g. by generating predator
avoidance behaviour) (Ferretti et al. 2010). Howegaeomplete understanding of how
sharks affect energy flow through food webs requareletailed knowledge of their
feeding ecology (Myers et al. 2007). Fatty acid&)(Rvhich serve a multitude of
biochemical functions in animals (e.g. cell memleraanstituents, precursors to
eicosanoids, energy source, Tocher 2003), areraipirgg tool for investigating the diet
of marine predators like large sharks (Schaufled.€2005) that are difficult to study via
traditional stomach content analysis. For exantpke,essential' FAs, arachidonic acid
(ARA, 20:4n-6), eicosapentaenoic acid (EPA, 20:pa+81 docosahexaenoic acid (DHA,
22:6n-3), can often be used as dietary tracersusediey cannot be biosynthesized by
most marine consumers in amounts sufficient to rireset needs (Parrish 2009).
Although some FAs (e.g. 16:0 and 18:0) can be Initbesized by fishes, while others
can be modified via chain shortening (e.g. 20:10-98:1n-9) or elongation (e.g. 16:1n7
to 18:1n-7) (Tocher 2003), it is generally acceptet the tissue FA profile of a
consumer largely reflects FAs retained from the dierson 2009).

Fatty acids have only recently been applied tostigate the diet of
elasmobranchs (Schaufler et al. 2005; Semeniuk 20@7; Pethybridge et al. 2011; Wai
et al. 2011). However, the current lack of datardong how sharks alter dietary FAs
prior to tissue incorporation is a major concerthviinis application. Predators are widely
acknowledged to modify dietary FAs to meet theds which could lead to divergence
between predator and prey profiles (Iverson 2008)is, the question becomes, how

much, on a tissue-specific basis, will a predatodify dietary FAs and other lipids?
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Based on the comprehensive work of Pethybridgé €@10), who identified inter-
tissue differences in the lipid class and FA pesfibf 16 deep water Chondrichthyans
from Australian waters, shark liver is high in stge molecules (e.g. triacylglycerol,
TAG) and MUFA, whereas muscle is high in phosphdipand polyunsaturated fatty
acids (PUFA). Subsequently, Chondrichthyan musatelie more similar to PUFA-rich
prey, and liver to MUFA-rich prey (Pethybridge €t2011). Based on results of the
above studies, it is clear that elasmobranchsedeetsvely incorporating dietary FAs into
different tissues.

It is still unclear, however, to what extent shaskue FA profiles differ from FA
profiles of dominant prey, or which tissue providies most accurate information
regarding diet. Captive feeding studies will hetavel the origin of FAs in shark
tissues, although these studies will most likelydsdricted to young and/or small sharks.
Because differences in locomotory mode and phylpgentribute to differences in lipid
classes and FA profiles among shark species (Padlggbet al. 2010), researchers
wishing to apply FAs to study the ecology of lastparks in the wild would benefit from
a directed assessment of how FAs differ betwesnés of a large, mobile shark and
those of known prey.

Here, within- and among-tissue variability in FAofiles of muscle, liver and
blood plasma of 18 individual Greenland sharks dachfstom Cumberland Sound,
Nunavut, Canada, was investigated to identify thgrele that shark tissue FA profiles
differed from those of known prey items (based tmmsch contents). The goal was to
identify which tissues are the most useful for dteidies, and which tissues are the most

altered by these sharks. Because elasmobrancHuivetions as the major site of: 1) FA
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catabolism (i.e. beta oxidation), 2) ketone bodysinthesis, and 3) buoyancy regulation
(achieved through retention of lipids) (Ballantyi#97), liver FAs are predicted to be the
most modified by the sharks and to differ the niash prey profiles. Plasma, on the
other hand, functions in transporting dietary FAsther elasmobranch tissues via
lipoproteins (e.g. chylomicrons) (Ballantyne 199Md plasma FA are predicted to be the
most similar to prey profiles. Elasmobranch musaté&s the enzymes necessary to
catabolize FA, and typically has low lipid leveBa{lantyne 1997). However, neutral,
storage lipids, like TAG, are still present in dharuscle (Sargent et al. 1973), and
muscle FAs are therefore predicted to provide smrfioemation about shark diet. The
data presented here should help future researtthersre accurately apply FA to

reconstruct the dietary history of large sharks.

MATERIALS AND METHODS
Sampling of Greenland sharks

Greenland sharks were sampled for the preseny $tmch Cumberland Sound,
Nunavut, Canada. The Greenland shark is one oftardysharks known to regularly
inhabit polar, ice-covered waters that reach teatpegs <0°C (the other being the
Pacific sleeper sharl§ pacificus, Bigelow and Schroeder 1948). They reach a large siz
(of at least 6 m, Bigelow and Schroeder 1948), faed both teleost and marine mammal
prey in Cumberland Sound (Fisk et al. 2002), anglertbroughout the water column
from near the surface to several hundred meterthdeprctic waters (Skomal and Benz
2004). Greenland sharks were sampled via bottoin lioe (set times=2-24 h) baited
with either seal blubber or squid. Greenland shame sampled for the present study in
April 2008 as part of a larger field campaign, whiocluded subsequent sampling dates
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in August 2008, April 2009 and August 2009. Trebdsveen Greenland shark and prey
fatty acids were similar when considering only Apgil 2008 data, or the pooled data
(i.e. from all sampling dates combined). The datdlie latter-sampled three seasons
were therefore retained to present elsewhere tlmexpn detail, seasonal and inter-
annual variability in diet of the Greenland shas&g Chapter 5).Greenland sharks were
euthanized upon capture via an incision made thrdlig dorsal surface (immediately
behind the head, anterior to the gills) to severgpinal cord and dorsal aortae, followed
directly by a second incision through the brairodgl was allowed to flow from the
dorsal cut for several seconds before being celtktto a centrifuge tube, immediately
centrifuged in the field, removing the plasma usargierile pipette, and transferring into
a 2 mL cryovial. Five grams of dorsal muscle weslected ~2 cm above the vertebrae.
Liver biopsies were taken by removing a cross saaif one lobe, at approximately the
mid-way point along the lobe's length, dissectibgyfrom the center. All samples were
immediately put on ice, and were frozen at -80°@& ¢lry ice or liquid nitrogen) within 1
h from the time of collection. Stomach contentsenidentified to as low a taxonomic
level as possible and counted for all 18 Greendradks (Table 4.1). Squid and mammal
bait identified in shark stomachs was not inclugtethese counts. However, hooked
Greenland halibut that were found in the sharkshsichs were included in counts
because Greenland sharks are known to eat hookédttaf of fishing lines during the
winter artisinal fishery in Cumberland Sound (McMsaFisk, unpublished data), and
because we used shark-specific fishing gear (ietalnteads and gangions), these halibut

were not associated with our fishing operations @kploitation of halibut off of Inuit
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fishermen's lines would affect the FA profile oétbharks and is therefore relevant to the
present study.
Prey sampling

Known prey of the Cumberland Sound Greenland shsalknpled here, based on
stomach contents (Table 4.1), were sampled foy &tid analysis and included: arctic
skate Amblyraja hyperborea), Greenland halibutRginhardtius hippoglossoides) and
ringed sealRusa hispida). In addition, several potential prey of Greenlahdrks were
also sampled for fatty acid analysis, which havenbgreviously identified in the
stomachs of Greenland sharks from Cumberland S(Bu@ McMeans, A.T. Fisk,
unpublished data), and included arctic of&fvelinus alpinus), harp sealRhoca
groenlandica) and narwhalNlonodon monoceros). The data for potential prey were
included in the present study to assess how Gneéslaarks tissue fatty acids compared
to that of known prey (Table 4.1) as well as pagdrey that may not have been
captured by the sharks' stomachs contents. All gpegies were collected from the shark
sampling sites (near the mouth of Pangnirtung fjsed Fig. 2.1 for a map of sampling
locations). Chawere collected via gill nets, skate and halibuthatom long line (set
times 2-4 h) and marine mammals were harvestedda} Inuit hunters. Narwhal were
sampled during August 2007, skate and halibut dufipril 2008 and Arctic char, ringed
seal and harp seal during August 2008.

Because fish were found in shark stomachs eitlheteror as fragments of
muscle and bone (Table 4.1), muscle was sampledtiie dorsal surface of fish for FA
analysis. The FA profile of Greenland halibut mes@ported here (Table 4.2), which

was the dominant teleost prey of the Greenlancksh@able 4.1), is similar to that
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reported for conspecifics homogenized and analy#emle (Andersen et al. 2004). For
example, Greenland halibut analyzed whole (Andeesah. 2004) and as muscle only
(Table 4.2) had 18:1n9 in high and similar propmrs (mean+SD = 15.8+0.2 and 15.5 +
2.3%, respectively). Thus, muscle likely accourftednost of the elasmobranch and
teleost biomass consumed by Greenland sharkssanddeful proxy for the FA profile
of the dominant teleost prey. Because marine martigsale was found in Greenland
shark stomachs predominantly as pieces of blubtadl¢ 4.1), and because blubber
would contribute the most lipids to Greenland st@mksumers (vs. other mammal
tissues), the inner half of the dorsal surface ublayer was sampled from marine
mammals for FA analysis. All muscle and blubber glas for FA were placed in
cryovials and frozen at -80°C within one hour afampling.

Fatty acids were analyzed as detailed in Chapserd2McMeans et al. (2012).
Data analysis

Data were obtained for 50 individual FAs, but gsak were restricted to 15 FAs
that contributed mean values >1% to at least oagkdfssue (these 15 FA are listed in
Table 4.2). Together, these 15 FAs accounted & 8Ptotal shark plasma FAs and
95% of total muscle and liver FAs. Coefficientsvafiation were calculated to compare
variability in each FA proportion among Greenlahdrk tissues. Principal components
analysis (PCA) was used to explore relationshipaéen Greenland shark and prey FAs.
Separate PCAs were performed on proportional dathl¢ 4.2) and absolutg’mg*
data (Table 4.3). FAs reportedaggmg” are highly sensitive to the % lipid of a sample,
but are a useful way to ensure that, for exampigy proportions of one FA are not

driven by low proportions of another FA. PCA wastraightforward way to identify: 1)
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which FAs explained the largest amount of variandde data, and 2) which shark tissue
was most similar to prey tissues based on undeylgimilarities in FA profiles. FA data
were standardized to a mean of 0 and variancepabt to inclusion in the PCAs and
were left untransformed because logit transformmati@. log[FA/(1 - FA )]), which is
effective for increasing normality and linearitymfportional data (Warton and Hui
2011), did not alter PCA outputs. FA variable wesgivere extracted 'unscaled’ (i.e.
scaling=0) from the first two principal compone(R1 and PC2), and FA 'loadings’ (i.e.
correlations between each FA variable and eachx&} \&ere calculated by multiplying
the unscaled FA weight by the square root of tigereralue for that principal component
(McGarigal and Cushman 2000). Variables with logdir0.63 were considered highly
influential to that component (McGarigal and Cushrg@00). All analyses were
performed in R (R Development Core Team 2010) aukgge 'vegan' (Oksanen et al.

2010) was used for the PCA.

RESULTS
Greenland halibut and ringed seal (adults and)pupee the most commonly

identified prey in the Greenland sharks' stomaéh®&¢currence=72.2 and 33.3%,
respectively, Table 4.1). Greenland halibut musde ringed seal blubber (Table 4.1),
had different FA profiles, with the former beingndimated by proportions of 18:1n-9,
20:1n-9, and 22:1n-11, and the latter having 16:118:1n-9 and DHA in the highest
proportions (Table 4.2). FAs reported opgdmg* basis supported this pattern (Table
4.3). Greenland shark plasma, liver and musclell8ath-9 and 20:1n-9 in the highest
proportions (Table 4.2). Plasma also had high ptapes of DHA (10.6 + 2.1%) and
EPA (9.1 £ 1.8%) and muscle had high proportion$&0 (10.1 + 0.8%) and DHA(8
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+ 1.3%). Liver, on the other hand, had 22:1n-11 andig:1n the next highest amounts,
and combined with 18:1n-9 and 20:1n-9, these foulR¥ contributed to 67.0% of total
liver FAs (Table 4.2). Blood plasma and liver werere variable than shark muscle
based on their higher CV for FA proportions (Tabie1l).

The PCA of shark and prey proportions (Fig. 4.té\)ealed that the greatest
amount of variance in the data was explained bylitierence between Greenland shark
liver and marine mammal blubber, based on the ghtien that PC1 separated shark
liver from mammal blubber due to higher proportigpositive loadings) of 20:1n-9,
22:1n-11, 22:1n-9, and 24:1n-9 in the former arghér proportions (negative loadings)
of 18:2n-6, EPA and 22:5n-3 in the latter (Fig.A).1PC2 revealed a separation between
skate (positive scores) and narwhal (negative s¢@Feg. 4.1A). All three Greenland
shark tissues overlapped to some extent with at taee prey species, but shark muscle,
liver and plasma all overlapped with Greenlandthalon PC1 (Fig. 4.1A). Shark muscle
and plasma separated closer to marine mammal dPGRAethan liver, and based on their
overlap on PC1, shark muscle was more similarasrph than liver (Fig. 4.1A).

Absoluteng’'mg” data supported results from the FA proportions bseshark
muscle was more similar to the dominant prey, hélénd ringed seal, whereas shark
liver was the most distant from the prey samplethepg'mg* PCA (Fig. 4.1B). Thus,
Greenland shark muscle was more similar to preyrHdoth relative proportions (Fig.
4.1A) and absoluteg’'mg*values (Fig. 4.1B) than shark liver. Plasma hadhmawer
FAs on aug'mg* basis relative to shark muscle and liver, andetioee separated from

the other shark tissues on figmg™* PCA.
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Qualitative comparisons of FA proportions were madong individual
Greenland sharks and individuals of dominant pheyiljut and ringed seal) (Fig. 4.2).
Based on this comparison, FAs can be grouped méocobthree categories as follows: 1)
FAs that were generally similar (i.e. within a fé4) in all three shark tissues to
Greenland halibut and ringed seal (i.e. 18:0, 18:118:2n-6, 22:5n-3, Fig. 4.2A), 2)
FAs that were higher in shark liver than prey val(iee. 20:1n-9, 22:1n-11, 22:1n-9,
24:1n-9, Fig. 4.2B), and 3) FAs that were highepleisma and/or muscle than prey
tissues (i.e. 18:1n-9, ARA, EPA, DHA, Fig. 4.2CpeSifically, for the latter group,
shark muscle (and liver) were higher in proportioh48:1n-9, shark muscle and plasma
were higher in ARA, and shark plasma was high&R# and DHA relative to dominant
prey species (Fig. 4.2C, Table 4.2). Absojuggmg” data for shark muscle and liver (but
not plasma due to low FAg'mg™) generally supported the above categorizations. Fo
example, from group 1, mean 18:1n-7 was betweean8&9ug-mg* in shark muscle
and liver (Table 4.3). However, ringed seal had&igg'mg* values of 22:5n-3
(43.9+17.0ug:mg™) than shark tissues, but proportionally, all thskark tissues fell
within the extreme values of 22:5n-3 exhibited bpé&hland halibut and ringed seal
(Table 4.2, Fig. 4.2A). From group 2, all prey mdan 22:1n-11 less than g-mg™,
but shark liver had a mean value of 14pmg* (Table 4.3). From group 3, ARA was
higher in shark muscle (8gmg?) than in any of the prey (all meag4.1 pg-mg?)

(Table 4.3), which supports the proportional ddiable 4.2).

DISCUSSION
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The Greenland sharks sampled here consumed pnealottyi Greenland halibut
and ringed seal based on stomach contents, whreleswith previously reported
contaminant and stomach content data from Cumb@anind Greenland sharks (Fisk et
al. 2002). However, based on shark tissues-hatibettiap on PC1 of the proportions
PCA, muscle, liver and plasma FA of Greenland shar#licated a greater reliance on
Greenland halibut. Agreement between stomach ctsnér FA indicates that all three
tissues will therefore provide some information attaiet for future explorations focused
on the feeding ecology of these sharks. Becausenelaranch liver turns over more
quickly than muscle (MacNeil et al. 2006), and plass known to be a short-term
dietary indicator (Kkela et al. 2009), differences in the relative magretodl FAs
between slow and fast turnover tissues could bé teselentify differences in feeding
behaviour over time. However, in agreement withviaes findings from 16 species of
Chondrichthyan (Pethybridge et al. 2010), intesttes differences were apparent, and
Greenland sharks had higher PUFA in their muscRUYFA=21.8% versus liver=14.6%)
and higher MUFA in their liverYMUFA=78.8% versus muscle=65.4%). This pattern
hints at underlying, baseline differences betwéertissues that are likely related to
different tissue requirements and roles in FA matiain (Ballantyne 1997; Tocher
2003), and stresses the need to consider tissieeeti€es when interpreting FAs as
indicators of shark diet.

Greenland sharks appeared to retain 18:0, 18:18:2n-6, and 22:5n-3 in their
tissues in generally similar proportions that esdsin their diet. Proportions of 18:0 and
18:1n-7 were similar between Greenland halibutramged seal and all three shark

tissues, whereas proportions of 18:2n-6 and 22:BnsBark tissues generally fell in
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between the values exhibited by dominant prey @i@A). Thus, the tissues of shark
consumers should reflect a mixture of prey sountéisese FA. Muscle and liver of
European sea badsi¢entrarchus labrax) were also similar to dietary proportions of
18:0, 18:1n-7, 18:2n-6 and 22:5n-3 regardless dthdr fish were fed a diet of 100%
fish oil, or a mixed diet (40% fish and 10% rapekei, Mourente and Bell 2006). It is
noteworthy that several individual Greenland shédd high proportions of plasma
22:5n-3 that matched those observed in ringed(5eal4.2A), which could reflect recent
seal consumption.

Lower 16:1n-7 proportions (Table 4.2) augimg™ values (Table 4.3) in shark
tissues vs. prey indicates that this FA was selelgticatabolized or was continually
elongated to 18:1n-7 (Tocher 2003). Highes-C,» MUFA in shark liver vs. prey, on the
other hand, indicates either selective retentiothe$se FA from the diet, or accumulation
as the products from chain shortening (partial betdation, e.g. 22:1n-9 to 20:1n-9).
Differences between shark liver and prey FA prsfilend high variability in liver FA
among individual Greenland sharks, supports thdigtien that liver would exhibit a
high degree of FA modification, likely to meet ragments associated with metabolism
and buoyancy (Ballantyne 1997).

Greenland shark muscle was the most similar ofiisees sampled to both
halibut and ringed seal FA profiles, suggesting thetary FAs are incorporated into the
shark's muscle with little modification, and thae@nland shark muscle provides an
accurate view of diet. Lower CV of muscle FAs irat&s that muscle FA proportions
were likely regulated to meet tissue-specific regients to a greater degree than liver or

plasma (Parrish 2009). Atlantic salmon muscle priogas of EPA and DHA did not
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reflect differences obtained in their experimeniat, suggesting that these FA could be
maintained at species-specific levels (Budge €@l1). However, calculated CVs were
often similar among muscle, liver and plasma (20gln-9 CV: plasma=0.21, liver=0.18,
muscle=0.16, Table S4.1), indicating that varigpilvas present in muscle FAs among
individual Greenland sharks that could have arfsem dietary differences.

Because polar lipids respond less to changesirtitan neutral lipids (Regost et
al. 2003), one might expect shark muscle to berkegsonsive to diet than tissues like
liver that are dominated by neutral storage moksulhe similarity between Greenland
shark muscle and prey FA profiles is therefore sehat surprising considering that
shark muscle lacks the enzymes necessary to cealb@s (Zammit and Newsholme
1979), and typically has low % lipid and high cdmition of phospholipids (Pethybridge
et al. 2010). However, shark species differ in neugatal lipid (Davidson et al. 2011)
and % contribution of neutral lipids ( Sargentletl@73), suggesting that the ability to
store FAs in muscle, and subsequently the respemsss of shark muscle FA
composition to diet, may also differ among shankcsgs. Interestingly, Greenland shark
muscle has higher % lipid (19+4%, ww, convertedrfrdw values provided on Table 4.2
using % water content of individual samples, B.@&Mé&ans unpubl. data) than other
shark species analyzed to date (e.g. range ameawegespeported in Pethybridge et al.
2010: 0.37-1.87% ww). Squalids, includiSgacanthias and the Pacific sleeper shark,
also appear to have a higher contribution of seraglecules in their muscle than other
sharks (e.gS acanthias muscle TAG+DAG=84.2%, Malins et al. 1965; Pacsiieeper
shark muscle=73% TAG, Schaufler et al. 2005). Tioeeg the muscle of sharks with

lower % lipid may not align so closely with prey pfofiles as observed here in
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Greenland sharks. Clearly, further work is requie@determine the role of muscle lipids
in some sharks, which could function as additiarargy stores, or in buoyancy
regulation (Malins and Barone 1970).

Because sharks likely do not mobilize large questiof FAs from the liver to
other tissues for energy (most extra-hepatic tsseky on ketone bodies, Speers-Roesch
and Treberg 2010), Greenland shark plasma FAs grected to closely reflect dietary
FAs. In support of this prediction, plasma FA pramms were similar to the Greenland
halibut and ringed seal for most FAs (Fig 4.2). Shmilarity between shark plasma and
muscle proportions supports the contention thatcheusA were of dietary origin.
However, in addition to neutral FAs like TAG, tredl lipid fraction of shark plasma
also contains polar lipids (Craik 1978) that colddsibly be of both dietary and non
dietary origin (e.g. inter-tissue routing of mendipids). The presence of non dietary
lipids could explain the higher ARA, EPA and DHAoportions observed in Greenland
shark plasma vs. dominant prey. Closer agreemeéweke prey and plasma FA would
be expected if the isolated chylomicron fractiomevanalyzed (e.g. Cooper et al. 2006)
instead of total plasma lipids. However, even plasiAs extracted from the total lipid
fraction generally reflect dietary differencesild€ld et al. 2009). The high variability in
plasma FAs among Greenland sharks (i.e. high Cygests that shark plasma FA likely
reflect a combination of differences in diet, intessue routing of membrane FA and the
duration since the last meal.

Our results for Greenland shark muscle, liver pladma support findings from
previous research in teleosts (Mourente and Bé&lb62@nd seabirds @kela et al. 2009)

that the relationship between consumer and di¢tAsyis not always 1:1, and that fatty
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acid differences among-species can be greatewtnaability within-species (Budge et
al. 2002). However, qualitative differences in dietild still be explored by comparing
FA profiles between- or within-shark species, beeasharks that consume a greater
guantity of a certain FA should still have higheogortions of that FA versus sharks that
consume less. For examplep@nd G, MUFA are biosynthesized Wyalanus copepods
and should differ among sharks that obtain diffeeenounts of these FA in their diet. In
fact, Greenland sharks from Cumberland Sound h&alded 25% 20:1n-9 in their
muscle and liver, respectively (Table 4.2), butifRasleeper shark muscle and liver from
the Gulf of Alaska, as well as blubber from theif@asleeper sharks' stomachs, had <6%
(Schaufler et al. 2005). Cumberland Sound halilat igh 20:1n-9 proportions
(17.7+1.1%) and are a likely source of observed2® proportions in Greenland shark
tissues. It therefore appears thag&hd G, MUFA are useful dietary indicators in
sharks, as long as similar proportions are not eegebetween shark liver and prey.
Results from the present field study provide m&armation about the degree
that tissue FA profiles of a large shark diffemfréhose of dominant prey. Further work
is required to establish if the observed similastand differences in shark-prey FA
proportions (i.e. Fig. 4.2) are applicable to othlssmobranchs. Due to the multitude of
habitats and temperatures that elasmobranchs ocangyheir wide range of locomotory
modes and diets, differences among species afg.lReeenland sharks (and Pacific
sleeper sharks) are clearly unique in their haliieatice-covered seas), and their higher
% lipid (Table 4.2) and contribution of MUFA to ihenuscle (Table S4.2). At ~40%, the
deep-wateentroscymnus coelolepis and the coast&archarhinus obscurus, which are

both highly mobile species (Compagno 1984a, b),ectire closest to the muscle
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>MUFA of the Greenland shark (Table S4.2), but fertork is required to determine
the ubiquity of shark muscle as a dietary indicaide liver of Greenland sharks, on the
other hand, has a more comparable FA compositiothi@r shark species, but is most
similar to that of mobile, deep water species biaatias licha (Table S4.3). Thus,

results for specific shark-prey FA differences iifeed here may be most directly
applicable to large, mobile squaliforms. Basedr@péction of Tables S4.2 and S4.3, it is
clear that future work should address what faggorgern differences in FA profiles
among shark species.

Several general conclusions can be drawn fronptégent analysis that should be
applicable to other sharks. First, researchersldhmmt expect that shark FA profiles will
exactly match that of dominant prey items, which is somevadbvious and expected, but
has implications for inferring diet based on shar&y overlap on multivariate
ordinations. Second, liver FA should be interpretéth care, due to potentially high
modification of dietary FA profiles by shark consens. Third, muscle fatty acid profiles
of Greenland sharks were the most similar to th&hown prey, but future studies are
tasked with determining the ubiquity of this trandther shark species. Finally, plasma
FA are likely sensitive to the presence of some-dietary lipid (if the total lipid fraction
is analyzed), digestion and the timing since tlsé haeal, but still appear useful for
inferring shark diet. The sampling of muscle araspia could be useful for future studies
focused on large sharks that may be endangerestacped. Additional insights into the
retention/ metabolism of dietary FAs could be gdifrem other FAs like
polymethylene-interrupted FA and through controfieeding studies performed on a

variety of elasmobranch species.
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Table 4.1. Stomach contents from 18 Greenland sh&oknniosus microcephal us)

sampled in Cumberland Sound, Nunavut, Canada.

Sampling Date % occurrerfce Tissue found
Invertebrate
Buccinum cyaneum 22.2 Whole or operculul
Strongylocentrotus droebachiensis 11.1 Whole
Squid spr 11.1 Beak:
Gorgonocephalus arcticus 5.€ Whole
Scavanging amphipotis 33.3 Whole
Elasmobranchii
Amblyraja hyperborea 11.1 Sections of win
Teleoste
Reinhardtius hippogl ossoi des” 72.2 Whole or pieces of skin and
musclé
Myoxocephal us scorpius 27.¢ Whole
Lycodes reticulatus 11.1 Whole
Lumpfisk 5.€ Pieces of skin and mus
Mammalie
o 16.7 Pieces (blubber/ muscle) or
Pusa hispida intact body sections
Pusa hispida pup 16.7 Whole
Othel
skate eg 5.€ Whole
unidentified teleost 38.9 Pieces of muscle
Total fist® 77.€
Totalmamma 33.2

a. % occurrence = # of stomachs containing that pietal # of stomachd
*100; b.includingOrchomenella spp.,Onisimus spp.,Menigrates spp.; C.
Total fish and mammal=# of stomachs containingfafyor mammal
species, respectively, divided by total # stomachs
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Table 4.2. Fatty acid proportions (% of total, me8aD) from the total lipid extract domniosus microcephalus and

representative prey from Cumberland Sound.

Species Tissde n 16:0 16:1n-7 18:0 18:1n-9 18:1n-7 18:2n-6 20:1n-9 8:3t-3 22:1n-11
S microcephalus BP 12 8814 43+1 24+22 153+21 45+14.1+03 164+34 05+07 99+31
L 18 42+08 40+16 13+03 183+22 6.121071202 247+43 16+1.2 179146
M 18 101+08 6.7+1.3 13+03 198+21 741+ 11+01 179+29 15+06 95+21
A. hyperborea M 5 181+07 3.0x03 44+05 81+04 6340.15+01 4409 030 0.8+05
S alpinus M 7 123+19 164+6.1 21+03 11%1.7 34+115+05 10.6+6.7 05+06 105%5.1
R. hippogl ossoides M 9 10.0+04 105+06 20+0.2 155+23 6B% 09+01 17.7+11 09%x08 16.2+23
P. hispida B 8 55+09 213+45 07+03 185+4 72+127+02 78+3 04+01 23+28
P. groenlandica B 15 54+21 168+28 09+03 165+41 6*1.19+03 12+26 06+02 55+46
M. monoceros B 7 64+08 249+24 11+03 22138 6+041.1+01 99+11 040 42+1.1
Species 22:1n-9 20:4n-6 20:5n-3 24:1n-9 22:5n-3 63 YSAFA YMUFA  YPUFA %lipicP
S microcephalus 29+06 24+07 91+18 15+03 27+1.7061+21 129+4.3 589+58 282+37 14484
39+0.6 0.8+0.3 3.1+1 19+05 15+07 5H19 65+13 788+42 146+35 788+11.2
20+0.2 16+03 56+09 08+01 17+04.8813 127+08 654+22 21.8+22 56.8%5.
A. hyperborea 05+0.1 33%+03 103+13 0300 22+0305+12 246+09 253+21 501%x19 6.6%k1
S alpinus 1.8+0.7 04+01 73+x25 06+02 13+£03091+23 19+15 56.7+6.2 243+52 22.74610.
R hippoglossoides 2.3+0.2 0.4+0.1 37+07 07+01 06+01.8#415 159+06 709+3 13.3+25 399+10.2
P. hispida 05+04 05102 85+2 0.1+01 54+13 $B5 106+19 61+36 283+32 855+11.7
P. groenlandica 09+05 03+01 7.8+19 02+01 44+12 6923 106+33 62+48 274146 73.9+19.6
M. monoceros 1+0.2 0.3+0 27+07 01+01 12+03 2686 164+14 739+23 9.7+17 70.1zx21

a. BP=blood plasma, M=muscle, L=liver, B=blubberPlrcent (%) lipid= mass of lipid * dry weightssfmplé"; Full species nameSomniosus microcephalus,
Ambylraja hyperborea, Salvelinus al pinus, Reinhardtius hippoglossoides, Pusa hispida, Phoca groenlandica, Monodon monoceros
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Table 4.3. Absolute fatty acid values (g’ dry tissue, mean+SD) &mniosus microcephalus and representative prey.

Species Tissle 16:0 16:1n-7 18:0 18:1n-9 18:1n-7 18:2n-6 20:1n-918:3n-3 22:1n-11
S. microcephalus BP 4.31+2.2 2.1+1.4 1.1+0.8 7.614.4 2.4+1.9 0.5+0.3 8+4.8 0.4+0.7 4.9+3.4
L 26.846.9 25.4+12.6 8.3+1.7 116.1+23.5 38.4+9.2 7+45 148465.8 10.748.2 114.8+36.5
M 50.946.9 34.5+10.8 6.7+1.8 100.2+17.8 35.9+7.3 7+%.1 89.6+16.7 7.2+3.1 47.9+12
A. hyperborea M 54+1.1 0.9+0.3 1.3#0.4 2.4+0.6 1.9+0.5 0.5+0.1 0.8 0.1+0 0.3+0.2
S alpinus M 2219 29.1+129  3.7#15 21.3+11.5 7.145.6 2.9+1.522422.4 1.1+41.3  23.4+22.3
R. hippogl ossoides M 36.7+9.3 39.6+x12.6  7.2+1.7 58.7+22.3 249495 134  65.9+19.2 3+2.8 59.9+18.5
P. hispida B 43.3+9.8  173.4+61.1 5+1.8 150.1+53.7 58.3t20 39 59.9+224 3.1+1.1 15.9+18
P. groenlandica B 32.7+15.1 103+35.5 49+1.7 102.5#45.6 37.2+14.41.643.1 73.6+27.3 3.3t1.8 33.5+26.2
M. monoceros B 34.2+12.9 133.4+446 5.8+1.9 116.7436.4 32.5+11.95.8+2 52.3+18.9 2.1+0.8 22.4+11.2
Species 22:1n-9 20:4n-6 20:5n-3 24:1n-9 22:5n-3 22:6n-3 Y SAFA > MUFA >PUFA
S. microcephalus 1.4+0.7 1.2+0.9 4.4+2.6 0.7+0.3 1.1+0.5 5+2.6 6.2+3 28.7+15.9 13.5+7.5
24.8+6 4.9+1.6 20.1+8.7 12.243.4  9.745.1 33.1+14.21.1+9.9 504.1+94.4 94.5+31.9
10.0+1.8 8.0+1.8 28.6%7.2 3.9+0.8 8.6+3.2 44.3+10.84.2+9.5 331+51.7 110.6+22.1
A. hyperborea 0.2+0.1 1.040.1 3.1+0.6 0.1+0 0.7+0.1 9.2+1.9 7.6+1 7.7+2.2 15+2.8
S alpinus 3.6+2.4 0.6+0.1 12.4+3.8 1.340.8 2.3+0.9 18.845.65.4817.3 112.6+73.3  42.3+14.1
R. hippogl ossoides 8.3+2 1.340.3 13.3£2.6 2.6+0.7 2+0.6 16.5+2.4 5854 265+81.6 47.1+7.6
P. hispida 3.7+2.8 4.1+2.7 69.2+26 0.5+0.5 43.9+17 75+17.9 2885.7 487.8+119.2 227.8+62.6
P. groenlandica 5.5+3.6 1.940.7 48.1+18.1 1+0.8 27+11.6  59.6+23.31.4625.5 381.5+119.9 168.3+57.5
M. monoceros 5.4+2 1.5+0.6 1548 0.4+0.5 6.7+3.4 14+7.5  88.3+30.393.6+127.2 53.4+25.2

a. BP=blood plasma, M=muscle, L=liver, B=blubbau|lEpecies nameSomniosus microcephalus, Ambylraja hyperborea, Salvelinus alpinus, Reinhardtius
hi ppoglossoides, Pusa hispida, Phoca groenlandica, Monodon monoceros
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Fig. 4.1. Principal component analysis of fattydgaioportions (A: % of total) anggy

fatty acid « mg dry tissukvalues (B) of Greenland sharko(nniosus microcephalus)

(muscle, liver and plasma) and several known tél@ed marine mammal prey. Fatty

acids that were highly correlated (>0.63) with epghcipal component axis are

provided.
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Fig. 4.2. Fatty acid proportions (% of total) oflividual Greenland shark plasma (P), liver (L), amascle (M) and values for the sharks'

dominant prey, Greenland halibut (muscle) and dnggal (blubber). Fatty acids are separated bksgiray: A) similarity, B) higher

values in shark liver, and C) higher values in kl@sma and/or muscle. Note the different scalélseoy axes.
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SUPPLEMENTARY MATERIAL

Table S4.1. Coefficients of variation fSomniosus microcephalus tissue fatty acid

proportions.
Fatty acid Plasma Liver Muscle
n 12 18 18
16:0 0.16 0.20 0.08
16:1n-7 0.24 0.39 0.20
18:0 0.90 0.21 0.23
18:1n-9 0.14 0.12 0.11
18:1n-7 0.30 0.20 0.14
18:2n-6 0.23 0.25 0.10
20:1n-9 0.21 0.18 0.16
18:3n-3 1.43 0.75 0.42
22:1n-11 0.31 0.26 0.22
22:1n-9 0.21 0.17 0.11
20:4n-6 0.30 0.32 0.17
20:5n-3 0.20 0.32 0.15
24:1n-9 0.21 0.24 0.16
22:5n-3 0.61 0.45 0.25
22:6n-3 0.20 0.36 0.15
Y SAFA 0.33 0.20 0.06
> MUFA 0.10 0.05 0.03
> PUFA 0.13 0.24 0.10
%lipid 0.33 0.14 0.10
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Table S4.2. Musclg saturated fatty acids (SAFAYymonounsaturated fatty acids (MUFA), andolyunsaturated fatty acids

(PUFA) (proportions, mean values) for various shep&cies sampled from northern, tropical and spldabwaters.

Order . Species SAFA MUFA PUFA Samp_lmg Reference Dominant habitat
Family location
Squaliformes
Centrophoridae Centrophorus squamosus 20.3 25.5 54.3 North Atlantic @kland et al. 2005 rerabove 1000fn
Centrophorus zeehaani 31.3 21.9 42.3 Australia Pethybridge et al. 2010 peuslope, 200-650m
Deania calcea 23.9 21.7 48.1 Australia Pethybridge et al. 2010 d shope, 650-1200Mm
Dalattidae Dalatiaslicha 26.2 30.5 38.0 Australia Pethybridge et al. 2010 d shope, 650-1200Mm
Etmopteridae Centroscyllium fabricii 17.9 26.0 56.1 North Atlantic @kland et al. 2005  0ZDOnt
Etmopterus baxteri 20.2 30.6 39.7 Australia Pethybridge et al. 2010 d shope, 650-1200Mm
Somniosidae C entroselachus crepidater 24.8 25.0 455 Australia Pethybridge et al. 2010 d shope, 650-1200Mm
Centroscymnus coelolepis 15.3 36.7 48.0 North Atlantic @kland et al. 2005  thyaelagic usually> 400M
Centroscymnus owstoni 24.7 21.9 447 Australia Pethybridge et al. 2010 d shope, 650-1200Mm
Proscymnodon plunketi 26.5 21.7 46.0 Australia Pethybridge et al. 2010 d shope, 650-1200Mm
Somniosus microcephalus 13.0 64.3 22.7 Nunavut this study benthopelagit200ni
Somniosus pacificus 17.4 59.5 23.1 Gulf of Alaska Schaufler et al. 2009enthopelagic, 0-2000m
Sgalidae Sgualusacanthias 18.4 34.5 34.0 Australia Pethybridge et al. 2010 elfsh-200n{
Sgualus megalops 27.7 23.4 44.0 Australia Pethybridge et al. 2010 elfsB-200ni
Carcharhiniformes
Carcharhinidae Carcharhinus brevipinna 29.0 35.0 23.0 South Africa Davidson et al. 2011 astal, shelt
Carcharhinus leucas 31.0 29.0 35.0 South Africa Davidson et al. 2011 astal, estuarin®
Carcharhinus limbatus 32.0 26.0 40.0 South Africa Davidson et al. 2011 astal
Carcharhinus obscurus 30.0 40.0 21.0 South Africa Davidson et al. 2011 astal, shelt
Galeocerdo cuvier 30.0 30.0 33.0 South Africa Davidson et al. 2011 astal, shelt
Scyliorhinidae Apristurus sinensis 26.7 24.5 45.0 Australia Pethybridge et al. 2010 d shope, 650-1200Mm
Figaro boardmani 27.3 20.9 45.8 Australia Pethybridge et al. 2010 peuslope, 200-650m
Sphyrnidae Sphyrna lewini 31.0 22.0 44.0 South Africa Davidson et al. 2011 astal, shelf, semiocearfic
Sphyrna zygaena 31.0 22.0 35.0 South Africa Davidson et al. 2011 astal, shelf, semiocearfic
Lamniformes
Lamnidae Carcharodon carcharias 35.0 25.0 30.0 South Africa Davidson et al. 2011 astal, shelf
Odontaspididae Carchariastaurus 31.0 25.0 36.0 South Africa Davidson et al. 2011 astal, shelf

a. Compagno, L.J.V. 1984. FAO Species Cataloguk.4&/&harks of the world. An annotated and illatgtd catalogue of shark species known to date 1Part

Hexanchiformes to Lamniformes. FAO Fish. Synop.(425: 1-249. b. Compagno, L.J.V. 1984. FAO Spe€latlogue. Vol. 4. Sharks of the world. An anredaand
illustrated catalogue of shark species known te.daart 2-Carcharhiniformes. FAO Fish. Synop. 125(£51-655. C. Daley, R.K., Stevens, J.D., LBSR., Yearsley,
G.K. 2002. Field guide to Australian sharks andr&@SIRO, Victoria., b)
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Table S4.3. Mean proportions of livEsaturated fatty acids (SAFAYmonounsaturated fatty acids (MUFA), afdolyunsaturated fatty
acids (PUFA) for various shark species sampled fnonthern, tropical and subtropical waters.

Order . Species SAFA MUFA PUFA Samphng Reference Dominant habitat
Family locatior
Hexanchiformes
Hexanchidae Notorynchus cepedianus 29.1 41.9 26.5 Australia Pethybridge et al. 2010 elfsB-200m
Squaliformes
Centrophoridae Centrophorus moluccensis  25.6 62.2 0.6 Australia Bakes and Nichols 1995  roshelves, 130-800in
Centrophorus zeehaani 26.7 57.9 12.1 Australia Pethybridge et al. 2010 peufslope, 200-650t
Deania calcea 26.4 63.0 8.1 Australia Pethybridge et al. 2010 shighe, 650-1200M
Dalattidae Dalatiaslicha 15.2 70.9 11.6 Australia Pethybridge et al. 2010 d shbpe, 650-1200M
Etmopteridae Etmopterus baxteri 16.2 76.9 4.6 Australia Pethybridge et al. 2010 shighe, 650-1200M
Etmopterus granul osus 15.0 80.0 2.5 Australia Bakes and Nichols 1995  roshelves, 200-600in
Somniosidae C entroselachuscrepidater  17.9 71.6 8.4 Australia Pethybridge et al. 2010 shighe, 650-1200M
Centroscymnus coelolepis 18.6 60.0 20.2 Australia Pethybridge et al. 2010 d shbpe, 650-1200M
Proscymnodon plunketi 11.9 81.8 3.9 Australia Pethybridge et al. 2010 shighe, 650-1200M
Somniosus microcephal us 6.9 77.6 15.5 Nunavut this study benthopelagic200hf
Somniosus pacificus 16.2 70.2 13.6  Gulf of Alaska Schalufler et al. 200 benthopelagic, 0-200Gm
Somniosus pacificus 12.5 72.0 13.3 Australia Bakes and Nichols 1995 thmpelagic, 0-2000in
Sgalidae Sgualus acanthias 23.1 57.3 14.7 Australia Pethybridge et al. 2010 elfsB-200m
Sgualus chloroculus 20.4 61.6 13.4 Australia Pethybridge et al. 2010 elfsB-200m
Squalus megal ops 15.8 58.8 15.8 Australia Pethybridge et al. 2010 peufslope, 200-650t
Carcharhiniformes
Carcharhinidae Carcharhinus brevipinna 43.3 29.8 26.9 South Africa Davidson and Cliff 2002coastal, shelf
Carcharhinus leucas 41.5 40.6 18.0 South Africa Davidson and Cliff 2002coastal, estuarire
Carcharhinus limbatus 43.8 32.1 24.4 South Africa Davidson and Cliff 2002coastal
Carcharhinus obscurus 39.3 38.4 22.6 South Africa Davidson and Cliff 2002coastal, sheff
Galeocerdo cuvieri 39.0 42.8 18.2 South Africa Davidson and Cliff 2002coastal, sheff
Scyliorhinidae Apristurus sinensis 15.8 72.6 9.8 Australia Pethybridge et al. 2010 shighe, 650-1200M
Figaro boardmani 23.2 45.3 29.4 Australia Pethybridge et al. 2010 penslope, 200-650m
Sphyrnidae Sphyrna lewini 36.2 43.1 20.8 South Africa Davidson and Cliff 2002coastal, shelf, semioceanic
Lamniformes
Odontaspididae Carchariastaurus 37.1 36.4 26.6 South Africa Davidson and Cliff 2002nearshore, coasfal

a. Compagno, L.J.V. 1984. FAO Species Cataloguk.4&/&harks of the world. An annotated and illatgtd catalogue of shark species known to date 1Part

Hexanchiformes to Lamniformes. FAO Fish. Synop.(425: 1-249. b. Compagno, L.J.V. 1984. FAO Spe€latlogue. Vol. 4. Sharks of the world. An anredaand
illustrated catalogue of shark species known te.daart 2-Carcharhiniformes. FAO Fish. Synop. 125(£51-655. C. Daley, R.K., Stevens, J.D., LBSR., Yearsley,
G.K. 2002. Field guide to Australian sharks anar&SIRO, Victoria.
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CHAPTER 5

INDIVIDUAL SPECIALIZATION IN GREENLAND SHARKS (SOMNOSUS
MICROCEAPHLUS)
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INTRODUCTION
It has been widely hypothesized that generalispexialist feeding behaviour

(i.e. whether a given species consistently consunaes/ and variable vs few and
invariable types of prey) directly affects food wgdrsistence in ecological communities
(MacArthur 1955). MacArthur (1955) suggested timategions of low diversity, such as
at high latitudes, species consume a wider rangeeyfitems, thereby increasing food
web persistence. Empirical studies have showngda¢ralist feeding at multiple trophic
levels across spatial and temporal boundariesnmsman in real food webs (Polis 1991,
Polis and Strong 1996; Vander Zanden and Vadebom@2). Theoretical models
further suggest that the ability of generalistetwve across spatial boundaries and
consume multiple resources as they become avalilablepatial resource coupling)
imparts a flexible nature to food webs (Rooneyi€2@06). These results strongly
suggest that consumers, especially those inhabdimgliversity and/or temporally
variable environments, should feed as generaldésArthur 1955). However the way in
which generalist populations moderate food webigtersce is complicated by recent
evidence that many generalist populations aredhdamposed of specialist individuals
that feed on a specific subset of the populatimtal resources (reviewed by Bolnick et
al. 2003; Araujo et al. 2011).

Distinguishing between populations with high amiswf individual generalism
(IG) and those dominated by individual speciali@at{lS) is not trivial and has major
consequences for food web-level processes (Bogtielk 2011). While high IS in a
predator population may be destabilizing by lingtihe extent of spatial resource
coupling (Bolnick et al. 2011), it may also prom@ed web persistence by increasing

the frequency and decreasing the strength of amyraar-specific interaction (McCann
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et al. 1998; Bolnick et al. 2011). The offsettirfgleese IS effects in generalist
populations suggest generalist feeding may be leshcommon and potentially less
important for food web persistence than previotistught. Further complicating this
issue is the potential for IG and IS to vary ingimithin a population (e.g. with season,
Herrera et al. 2008).

To understand the extent and dynamics of IS andit@n populations requires a
metric for specialization that can be readily coregavithin and among populations.
Because an individual specialist will have a srmallehe (i.e. lower diet variance)
relative to the populations' total niche than atividual generalist, the degree of IS in a
given population can be estimated as the ratioitfinvindividual diet variation (WIC,
within-individual component) to the diet variatiohthe total population (TNW, total
niche width, equal to WIC + the level of betweed#mdual diet variation (BIC,
between-individual component); (Bolnick et al. 2D02alues of WIC/TNW close to zero
indicate high IS and values approaching 1 indicghiigh IG (Bolnick et al. 2002).

Chemical tracers, such stable isotopes of nitr¢gdehl) and carbon&-C) are
useful for estimating WIC and TNW because theyiategrated within consumers
tissues over time (Bolnick et al. 2002). High vaga in stable isotopes among tissues
with different turnover times is indicative of angistently variable diet over time (i.e.
IG), whereas low variance indicates IS (Bolniclale2002; Bolnick et al. 2003; Araujo
et al. 2011). However, stable isotopes normallyig® information only about the
proteinacious diet component, as tissues are coiovatly lipid extracted prior to
analysis to remove the bias associated Withdepleted lipids (Post et al. 2007; Hussey

et al. 2010). Fatty acids on the other hand, bdiatary tracers that are integrated into a
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predator's tissues over time (lverson 2009), cpubdide information about IS in
predators with high fat diets (e.g. mammal blubkety fish). Fatty acids have been
successfully used to track resource use in arotioas, from zooplankton (Falk-
Petersen et al. 2009) and benthic fish (Graeve €087) to sharks (Schaufler et al.
2005), seals (Falk-Petersen et al. 2009) and pelars (Grahl-Nielsen et al. 2003).
Here, fatty acids were analyzed in three tissoess(le, liver, plasma) of
Greenland sharks$gmniosus microcephalus) sampled from Cumberland Sound, Canada
during summer (August) and winter (April) of 200@da2009, to answer two questions:
(1) What is the extent of individual diet speciatibn in a theoretically generalist, high-
latitude population, and (2) does the level of wilial specialization present vary with
season and/or year? The Greenland shark is thesbalk to inhabit ice-covered seas in
the North Atlantic, and is widely presumed to fasdan opportunist/generalist (recently
reviewed by MacNeil et al. 2012). Because the Qeeehshark's diet includes lipid-rich
prey (e.g. fatty teleosts like Greenland halilRgnhardtius hippoglossoides and marine
mammals like ringed sedusa hispida, see Chapter 4), fatty acids are an appropriate
tool for exploring resource use among individuar&s. Although no population size
estimates exist for Greenland sharks, the spexiesnnmonly caught in Cumberland
Sound (>15 individuals 100 hooksising shark-specfic gear, MacNeil et al. 2012) ian
therefore likely abundant. As such, intra-speafienpetition could be high and the
prediction is that IS will be high (Svanback andrick 2005; Araujo et al. 2011).
Although no biomass data exist for Cumberland Soumtter marine food webs tend to
be less complex than summer food webs due to nogr&iohnson et al. 2009). Thus, a

more diverse array of prey are expected to beawailin summer, with the prediction
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being that the extent of IS in Greenland sharkkakihinge with season and be higher in

summer than in winter (see Fig. 1.2 for visual espntation of these hypotheses).

MATERIALS AND METHODS
Sample collection

Four sampling events were performed in Cumberfouhd: two during summer,
open water (August 2008 and 2009) and two duringewj ice cover (April 2008 and
2009). All samples were collected within or up ®Ksn of the mouth of Pangnirtung
fjord (see Chapter 2, Fig. 2.1 for map of samploaations). Greenland sharks were
caught via bottom long-lines, set from boats dusagimer and through holes cut in the
sea ice in winter, and immediately euthanized wignaision through the dorsal surface
(immediately anterior to the first gill slit) toeer the spinal cord followed by a second
incision through the brain. Blood was allowed taflfrom the dorsal cut for several
seconds before being collected into a centrifuge with no lining or additives. One
exception is the blood sampled in August 2009, Wwhvas collected from the caudal vein
using a syringe. Blood was centrifuged immediatelthe field and the plasma portion
was separated from the whole blood fraction usistgele pipette. There was no effect
of blood collection method on fatty acids becatmgerange of August 2009 plasma
22:5n-3 was within the range of the other samptiatgs (Table S5.1), and there was no
significant difference in plasma 22:5n-3 among dargates (see Results section).
Approximately 5 g of dorsal muscle were collect@dcm above the vertebrae and liver
biopsies (~5 g) were taken from the mid-way polahg one liver lobe's length. In total,
59 Greenland sharks were sampled, but data arepoeggnted for sharks that had all
three tissues sampled. Based on the Greenlandssktartnach contents, the dominant
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prey items, Greenland halibut and ringed seal (@&ha)), were sampled for fatty acids.
Greenland halibut were sampled during April 2008 2609 using bottom long-lines set
through the sea ice, and ringed seals were shotglinuit subsistence hunting during
August 2008 and April 2008. Muscle and blubber wsampled from halibut and ringed
seal, respectively, because these tissues shquiesent the largest biomass of lipid
consumed by Greenland sharks. All samples wereglammediately on ice and were
frozen on dry ice or in liquid nitrogen within 1 h.

Lipids were extracted from all tissue samples usirZgl chloroform: methanol
solution (Folch et al. 1957) and fatty acid metbsiers (FAME) were generated from the
total lipid extract as detailed in Chapter 2 andWéans et al. (2012).

Choice of fatty acid

It is widely acknowledged that the fatty acid ppapmns observed in a predators
tissues do not match the proportions observeddarligt (e.g. Andersen et al. 2004,
Budge et al. 2011, Grahl-Nielsen et al. 2003, 20Hbever, to effectively interpret
variable or similar values of a given fatty acidarg shark tissues as evidence for IG or
IS, respectively, required that: 1) sharks havelaimmagnitudes of this fatty acid among
the three tissues when at equilibrium and 2) thefatty acid value of the sharks' tissues
reflect the amount of that fatty acid obtainedha tliet. A preliminary assessment of the
tissue fatty acid data revealed that 22:5n-3 aguetr meet both of these requirements
(Chapter 4, B.C. McMeans, M.T. Arts, A.T. Fisk, sutied manuscript). Specifically,
although there was no way of assessing what thedaid profile of a Greenland shark
would be at equilibrium, the magnitude of 22:5rs generally similar among Greenland

shark muscle, liver and plasma, unlike other fattigls like 22:6n-3 that tend to
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accumulate in muscle and 20:1n-9 that accumulatieeisharks' liver (Chapter 4, B.C.
McMeans, M.T. Arts, A.T. Fisk, submitted manuscrif@econd, values of 22:5n-3 in
Greenland shark muscle, liver and plasma fall tmvben the extreme values exhibited by
Greenland halibut muscle and ringed seal blublueh that the sharks appear to
incorporate similar amounts of this fatty acid itieir tissues as obtained in the diet (Fig.
5.1). Previous controlled feeding trials have fotimat dietary differences in 22:5n-3 are
reflected in the tissues of both fish (Bell et2003; Arts et al. 2010; Budge et al. 2011)
and avian predators (lverson 2009), supportingifeeof 22:5n-3 as a dietary indicator in
the present study.
Choice of tissues and tissue turnover

A major assumption of the present work is thayfatids of different tissues
reflect different time frames of the sharks' died.this end, shark tissues were sampled,
based on knowledge derived from captive feedindistuperformed predominantly in
mammals, which function in fatty acid storage areldgominated by molecules like
triacylglycerol (TAG). Such tissues should havadagsurnover times than tissues which
have structural functions or have low % lipid aedd to be dominated by phospholipids
(Budge et al. 2006). The large, lipid-rich livettiee major fatty acid storage site in sharks
(Ballantyne 1997), such that liver should havesaeiaturnover rate than more structural
tissues like muscle. This does appear to be theeinabe protein portion of shark liver vs
muscle based on stable isotopes (MacNeil et abR®urther, the Greenland shark has
high % lipid in both liver and muscle, such thattbtissues likely function in fatty acid
storage (Chapter 4, B.C. McMeans, M.T. Arts, A.iBkFFsubmitted manuscript) and

should both be good indicators of diet. The faat the Pacific sleeper sha®o(niosus
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pacificus) has liver and muscle dominated by storage madsc{yi8 and 73% TAG,
respectively, Schaufler et al. 2005) and that is8ues reflected the sharks' consumption
of planktivorous whales supports this suggestidasiRa was chosen for analysis in
addition to liver and muscle because it is the slehior transferring dietary fatty acids to
the tissues, and will logically have a faster tmeratime than lipids incorporated into
muscle or liver (Budge et al. 2006).

Unfortunately no studies exist to estimate thesjgeturnover time of fatty acids
in shark muscle, liver or plasma. Previous congbfieeding studies performed on
Atlantic salmon, a teleosts with high fat in bothisuole and liver (i.e. similar to
Greenland sharks), indicated that postsmolts, whielw to 30 cm over the course of the
experiment, reflected the fatty acid profile ofitleiet in both muscle and liver after 12
weeks (Budge et al. 2011). Adipose tissue of sdalalso reflects past diet on the scale
of weeks (Budge et al. 2006). Finally, Hazel an&&NE.982) found that microsomal
membrane lipids of rainbow trousdlmo gairdneri) turned over faster in liver,(3=3.4-

6.8 d) than muscle(#=8.1-14.8 d), supporting the sampling of muscle laret as
indicators of different dietary time frames for flw@sent study. Due to the large size and
cold habitat of the Greenland shark, their musokklever fatty acids likely reflect diet
incorporation on the scale of months, not weekgaR#ing plasma, a previous controlled
feeding study in herring gullsarus argentatus, revealed that consumption of different
fish species (with different fatty acid signatures)s reflected in the birds' plasma within
5 d (Kikela et al. 2009). Digestion is slow in Greenland skdtleclerc et al. 2012), such

that plasma could reflect a longer incorporatiometin sharks than seabirds, although
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turnover is almost certainly faster than the sharksscle or liver, and on the scale of
days or weeks instead of months.
Data analysis

Three separate ANOVAs followed by Tukey's post bammparisons were used to
compare proportions of 22:5n-3 in muscle, liver alabma among sampling dates (i.e.
April 2008, August 2008, April 2009, August 200Bjver 22:5n3 was logit transformed
prior to analysis to increase normality (Warton &hd 2011). ANOVA and Welch's
test were used to compare 22:5n-3c in ringed sealsGreenland halibut among
sampling dates, respectively.

The four metrics defined by Bolnick et al. (206@) continuous data were
calculated to quantify IS in Greenland sharks: I§,2) WIC, 3) TNW = BIC+WIC and
4) WIC/TNW (Table 5.1). Metrics were estimatedwotways. First, a linear mixed-
effects model was run on proportions of 22:5n-3hwissue (muscle, liver, plasma) as a
fixed effect and individual shark as a random &ffB¢C was estimated from the among-
individual variation (in the random intercepts) \eWIC was given by the residual
variation at the individual level. TNW was obtainggdsumming WIC and BIC estimates
obtained from the model. The program IndSpec (B&let al. 2002) was also used to
obtain estimates of population-level BIC, WIC, arndw.

The BIC, WIC and TNW metrics provide only poputatilevel indications of diet
variation among individuals. Therefore, to obtamnestimate of IS for each Greenland
shark, the variance of 22:5n-3 was calculated antioaghree tissues for each individual
Greenland shark was calculated and labelled \W1Tsing the population-level TNW

derived from the linear mixed-effects model, thigoraf WICi,o/ TNW was calculated as
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a metric of IS for each individual shark. KruskahMs followed by pair-wise
comparisons were used to compare WITNW among sampling dates, Pearson's
product moment correlation to explore the relatpdetween WIG/TNW and
Greenland shark length and Welch's t test to ifleatiy effect of sex. One individual
shark from April 2008 had a very high WI&/TNW (i.e. 6.86) attributed to a very high
three-tissue variance (i.e. 11.53, Table S5.1)veaslexcluded from the aforementioned
comparisons. All analyses, except for those peréorosing the IndSpec program

(Bolnick et al. 2002), were performed in R (R_Deyghent_Core_Team 2010).

RESULTS

Proportions of 22:5n-3 were generally similar amtrgythree shark tissues when
considered across all sampling dates (mean+SD:lex&d+0.8, liver=2.4+1.3,
plasma=3.4£1.3). However among sampling dates, rpegportions of 22:5n-3 in
muscle, liver and plasma were higher in April angyAst 2009 vs April and August
2008, although these differences were not alwaysfgant (Table 5.2). Greenland
halibut muscle had less variable proportions 0582 than ringed seal blubber, but
proportions of 22:5n-3 did not differ between saimgplates in either species (Table 5.2).
Relative to prey, 2008 sharks had tissue propastair22:5n-3 that were closer to
Greenland halibut muscle, whereas tissues of 2ba@&ks were more similar to ringed
seal blubber (Table 5.2, Fig. 5.1). Regardles®a$sn, however, all shark tissue values
fell within the extreme values exhibited by halilaumd ringed seal (Fig. 5.1).

Individual specialization metrics calculated usihg linear mixed-effects model
agreed with results from IndSpec, revealing thatWiC of the Greenland sharks was
43% and 36% of the TNW based on IndSpec and thergbpectively (Table 5.3).
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Relative to bull Carcharhinusleucas) and tiger sharks3aleocerdo cuvier), the extent of
IS was lower for Greenland sharks (i.e. WIC/TNW wagher, Table 5.3).

The mean of WIGy/TNW among all 44 Greenland sharks was 0.39 (when t
one shark with very high WIg/TNW was removed, see Data Analysis section and
Table 5.3), which agrees with the population-lex&C/TNW obtained from the gim and
IndSpec methods (i.e. 0.36 and 0.43, respectiV@lle 5.3), indicating that this is an
appropriate metric to explore IS in each Greenkratk. The standard deviation of
WICih/ TNW was high (i.e. 0.33) and indicates variabilitythe extent of IS among
individuals. Visual inspection of the data revdalst 22:5n-3 proportions were less
variable among shark tissues sampled during ApdlAugust 2008 (with the exception
of one individual with a very large 22:5n-3 rangenfi April 2008) than in April and
August 2009 (Fig. 5.1). In fact, IS was lower inrhpnd August 2009 based on higher
mean WIG,o/TNW (2008: April=0.17+0.17, August=0.31+0.22; 20@9ril=0.38+0.26,
August=0.83+0.41), although only the differencesMeen August 2009 and both Aprils
were significant (Fig. 5.2). Values of WJTNW were not correlated with shark length

and did not differ between sexes (b&%#0.05).

DISCUSSION
Greenland sharks from Cumberland Sound exhibitadtarmediate level of IS based

on WIC/TNW= ~0.4 (Bolnick et al. 2003). Comparedatoecent review of 78 studies
published since 2003 (performed on plants, gastteporustaceans, insects, fishes,
amphibians, reptiles, birds and mammals; (mean WH@Y=0.66, Araujo et al. 2011),
these Greenland sharks exhibited greater than geé®a(i.e. lower WIC/TNW) when
considered across taxa. However comparisons amd@grWw from different
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populations must be made with care due, for exanpldifferences in prey fatty acid
variability (Aragjo et al. 2011). It is likely mom@ppropriate to compare values of
WIC/TNW among shark species, because sharks haweh larger potential TNW than
other taxa (e.g. due to their high mobility, vateatiet and exploitation of sporadic
scavenging events). The level of IS in the prestmty was lower than the only other
study to investigate IS in sharks, which found that and tiger sharks feed as individual
specialists (WIC/TNW=0.05, Table 5.3) and individganeralists (WIC/TNW=0.33,
Table 5.3), respectively (Matich et al. 2011). Bhea the agreement between
WIC/TNW in Greenland sharks and tiger sharks (Magtal. 2011), it appears that the
population of Greenland sharks sampled in the ptegady predominantly fed as
individual generalists, which is consistent withe@nland sharks commonly containing
multiple prey in a given stomach (Leclerc et all2)) and having a propensity for
scavenging (Leclerc et al. 2011; MacNeil et al.201

Although WIC/TNW metric is useful for gauging tegtent of IS in a given
population, it also masked considerable variatiothe level of IS among individual
Greenland sharks. Based on the individual-levelim®&V1Ci,o/ TNW, this generalist
population included multiple individuals feedingsggecialists (i.e. sharks with values of
WICi/ TNW approaching zero, Table S5.1). These shargsaed to feed on a subset of
the populations' total resources at least long gindo be reflected in their muscle, liver
and plasma (i.e. likely for many months or longemding support to the prediction that
IS could be high in Greenland sharks. Thus, ISacés® even within generalist
populations inhabiting temporally variable and seas$ environments, and a population

can be composed of both individual specialistsiadividual generalists.

131



Because populations exhibiting temporally staBlevlll be more susceptible to
density-dependent population fluctuations (Bolretlal. 2003), the temporal constancy
of IS was explored in the present study. The commparof WIG,¢/TNW among
sampling dates revealed that IS in Greenland sitddsot remain constant through
time, similar to previous observations in mammalistoners (Herrera et al. 2008). Based
on this result, even if IS arises in Greenland lshat is not a permanent feature of the
Greenland sharks' feeding ecology. Using the testogy of Bolnick et al. (2003),
Greenland sharks are individual generalists theasionally act as 'short-term
specialists'. Such a flexible feeding behavioundthallow Greenland sharks to rapidly
respond to changes in prey availability or envirental disturbance (Bolnick et al.
2003).

Higher 22:5n-3 (i.e. more similar to seal propmms) but lower IS (i.e. higher
WICio/ TNW) in the 2009 sharks suggests that these sheks including a larger
portion of seal in their diets but were not speziaf) on seal. This was reflected in their
stomach contents, where seal was found only inucmtipn with fish remains (B.C.
McMeans, unpubl. data). However, 22:5n-3 was lofmere similar to Greenland
halibut) in 2008 and IS was higher (i.e. lower W NW, Fig. 5.2), suggesting the
2008 sharks were exploiting different subsets efgbpulations' resources, perhaps by
exploiting different relative amounts of Greenldradibut (i.e. sharks with consistently
low 22:5n-3) and Greenland halibut and seal (harlks with more intermediate 22:5n-3,
Fig. 5.2). The fact that IS varied between sampjiears supports the prediction that the
extent of IS in Greenland sharks would vary withei Considered within a given year,

but not across both years, the mean WITNW was higher in the summer vs winter (i.e.
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IS was lower in the summer vs winter of a givenryeahich deviates from the
expectation of higher IS in summer than winter.

Although the separation of April and August samg@ldates of a given year by
only 4 months was likely insufficient time for misor liver to capture a seasonal diet
change, blood plasma should have captured a censdiet change if one existed.
Differences in mean 22:5n-3 proportions in all hshark tissues between August 2008
and April 2009 (Table 5.3), however, indicate tBamhonths was sufficient time to allow
for fatty acid turnover to reflect a new diet. Atldinal feeding studies focused on sharks
will help better pinpoint the specific turnover grof fatty acids, and allow more specific
identification of the timing of past feeding behawi. The range of 22:5n-3 reported here
for ringed seals (i.e. 5.0-7.8%) captures the drig that would be encountered by
Greenland sharks feeding throughout the CanadiaticApreviously reported to be ~5.5
to 7.0%, Thiemann et al. 2007). As such, the andiff@rences between 2008 and 2009
sharks most likely arose from dietary differenced aot from, for example, sharks
feeding in a different location outside of Cumbed&ound prior to capture.

The individual-level feeding behaviour identifigdthe present study has several
implications from the perspective of food webssEithe flexible feeding behaviour of
the Greenland shark supports the hypothesis tleaiespshould feed as generalists in low
diversity systems like the Arctic (MacArthur 1958pd that omnivory is a common and
important mechanism acting in food webs (Polis 8tvdng 1996). Second, Greenland
sharks are known to scavenge (Leclerc et al. 2BBRENeil et al. 2012), and among the
sharks sampled in Cumberland Sound, 37% (22 oé&®¥8ipited evidence of scavenging

(i.e. the presence of scavenging invertebrateOikaimus in shark stomachs).
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Scavenging has often been overlooked regardinmglgsn food webs until recently
(Wilson and Wolkovich 2011). Instead of being aiend’, consumption of high quality
carrion by consumers is likely very important foe tflow of energy through food webs
by, for example, increasing the number of trophikd and making food webs more
reticulate (Wilson and Wolkovich 2011). Further,fegding on both live and dead prey,
Greenland sharks are effectively acting as resatoaplers of fast and slow resource
compartments, which can increase the flexibilityaafd webs in response to
perturbations and promote persistence (Rooney 20856).

Although it is unknown what mechanism was drivalgnges in the extent of IS
with time, drastic differences in prey availabildye an unlikely explanation because
Greenland halibut and ringed seals were presédtimberland Sound throughout the
study period (B.C. McMeans, personal observatibio)vever, local variability in prey
abundance may have played a role as catch peeftont of Greenland halibut in
Cumberland Sound are known to exhibit inter-anwaahbility (Dennard et al. 2010).
Future work is tasked with identifying whether I$as in other arctic marine species,
and with linking both the extent and temporal cansy of IS exhibited among species in
a given ecosystem (Matich et al. 2011) and witldpiations (this study, Rosenblatt and
Heithaus 2011) with their importance for food wétnsture and persistence. The flexible
feeding behaviour of Greenland sharks identifiethenpresent study could be an
important mechanism for the structure, and everpénsistence, of arctic food webs. As
the physical environment and biological community&ure of arctic ecosystems
continues to change (MacNeil et al. 2010), suckilfisty may become increasingly

important for arctic animals.
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Table 5.1. Metrics used to estimate individual sgdeaation in Cumberland Sound

Greenland sharks.

Metric Level Method of estimation
BIC between-individual variation population  glm amdiSpec*
wIC within-individual variation population  glm arlddSpec
TNW total niche variation population glm and Ind§pe
WIC/TNW individual specialization, population glm and IndSpec

specialist 6> 1 generalist

3 tissue variance for

WICing individual-level variance individual c e
each individual

_ individual specialization,
WICind TNW specialist @ 1 generalist

glm: linear mixed-effects model performed on pmdjpms of 22:5n-3 (dependent variable), including
tissue (muscle, liver, plasma) as a fixed effect iadividual as a random effect; *Bolnick et al.020

individual  glm / 3 tissue variance
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Table 5.2. Proportions of 22:5n-3 (mean + SD) $sues of Greenland sharl& (

microcephalus) and two dominant prey. Significant differenceg&Greenland shark

muscle, liver and plasma between sampling datesgdoian ANOVA, are indicated by

different letters (similar values share the sarttere The overall mean (i.e. among

sampling dates) for halibut and ringed seal isgmesd in Fig. 5.1.

Species Date n Tissue
Somniosus microcephal us Muscle Liver Plasma
(Greenland shark) April 2008 12 1.7+0% 16+07 27+1.7
August 2008 8 1.8+0°3 19+0.% 27=+0.7
April 2009 17 3.1+0% 27+122 39+13
August 2009 7 26+0% 43+14 44+08

R. hippoglossoides
(Greenland halibut) April 2008 11
April 2009 33

Pusa hispida
(ringed seal) April 2008 3
August 2008 6

Muscle
0.7+02
1.0+03

Blubber
6.9+0.9
5.8 +1°1

Muscle ANOVA: F; 45=15.83,P<0.001, Liver ANOVA:F;3=7.70,P<0.001, Plasma ANOVAP>0.05,
Greenland halibut Welchtdest:P>0.05; Ringed seal Welcht'$est:P>0.05
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Table 5.3. Individual specialization metrics fore®nland sharkssomniosus
microcephalus) sampled in Cumberland Sound, calculated fromr23:Hroportions of
shark muscle, liver and plasma. Previously pubtiskedues for bull Carcharhinus
leucas) and tiger sharkg3aleocerdo cuvier) are shown. The values of W}&TNW is
the mean = SD calculated for all 44 individual Greed sharks (excluding one outlier
from April 2008).

Level Metric Greenland shark Tiger shark*  Bull dttar
Population IndSpec glm IndSpec IndSpec
BIC 1.05 0.95 0.04 0.04
WIC 0.59 0.73 0.02 0.002
TNW 1.68 1.64 0.06 0.04
WIC/TNW
& =4 ind. spec.) 0.43 0.36 0.33 0.05
Individual e yTNwW NA  0.39%0.33 NA NA

*Data from Matich et al. 2010, metrics derived fréfC values of three tissues (muscle, blood, plasma fo
bull sharks and fin, blood, plasma for tiger sharks
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Fig. 5.1. Proportions of 22:5n3 (% of total) iniddividual Greenland sharks sampled in
Cumberland Sound during two summers (August) amdvivmters (April). Each
horizontal line corresponds to one individual shemld is the range of 22:5n-3 among
muscle, liver and plasma. Mean (dashed vertica) lin1 SD of ringed seal and

Greenland halibut 22:5n-3 (from across all samptiates, see Table 5.2) are also shown.

[ August 2009
Total Greenland shark population range Il April 2009
B August 2008
o B April 2008
- &
= B,
ar
0 1 2 3 4 5 6 7 8

22:5n-3 (%)
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Fig. 5.2. Boxplots of WIG4/TNW calculated for individual Greenland sharks pbed in
Cumberland Sound during two summers (August) amvivters (April). Lower values
indicate greater individual specialization. Letterdicate significant differences

(Kruskal-Wallis x>=15.61, df=3P<0.05) and similar values share the same letter.

<
]

€
p—

1.0

0.6

1
1
1
1
1
I
1
I

0.4

Individual specialization (WICind/ TNW)
0.2 0.8
| |

0.0
|

I | | |

April ‘08  August ‘08  April ‘09  August ‘09

142



SUPPLEMENTARY MATERIAL

Table S5.1. Proportions of plasma (BP), liver (hjlanuscle (M) 22:5n-3, sampling
season and year, length (cm) and sex for 44 ind@liGreenland sharks. The within-
individual variance (WIG) is the variance of the three tissues, TNW ispiyulations'
total variance estimated from a linear mixed efaunbdel (Table 5.2) and the individual

specialization metric for each shark is VMO NW.

Individual Season  SexLength BP L M WICj,g WICjhn/ TNW

1 April08 M 269 16 08 1.3 0.17 0.10
2 April 08 F 345 2121 21 0.00 0.00
3 April08 M 250 1708 16 0.24 0.14
4 April08 M 277 2.0 17 16 0.04 0.03
5 April 08 F 259 1211 15 0.06 0.04
6 April08 M 262 26 22 13 043 0.25
7 April08 M 258 2.8 10 1.1 0.97 0.58
8 April08 M 224 3119 25 0.36 0.21
9 April08 M 248 7.4 12 18 1153 6.86*
10 April08 M 280 1308 1.2 0.07 0.04
11 April 08 F 291 3426 22 0.40 0.24
12 April08 M 203 3.7 27 24 049 0.29
13 August 08 M 277 34 18 15 1.00 0.60
14 August 08 F 320 1.8 3.0 2.2 0.36 0.21
15 August 08 M 270 19 22 20 0.04 0.02
16 August 08 F 295 3115 14 0.93 0.56
17 August 08 F 255 2311 14 034 0.20
18 August 08 M 320 3.8 2.7 19 0.90 0.54
19 August 08 F 252 2413 19 034 0.20
20 August 08 M 305 26 1.8 1.8 0.22 0.13
21 April 09 F 249 3929 22 0.75 0.45
22 April 09 F 210 3217 28 0.58 0.35
23 April09 M 291 2816 25 0.38 0.23
24 April09 M 213 5145 3.1 1.03 0.61
25 April 09 F 294 3826 28 043 0.25
26 April 09 F 270 5145 42 0.21 0.13
27 April09 M 275 3.6 21 34 0.64 0.38
28 April09 M 255 2418 27 021 0.13
29 April09 M 283 7.054 43 1.79 1.07
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

April 09
April 09
April 09
April 09
April 09
April 09
April 09
April 09
August 09
August 09
August 09
August 09
August 09
August 09
August 09

MTIZINMTMIZIZZIZTZIZIZZ

273
278
254
274
264
343
255
244
288
285
285
322
290
307
270

4.1
4.3
4.4
3.3
2.4

2.0
3.8
2.9
1.9
0.9

4128

2.6
4.5
3.9
5.0
4.4
3.8
3.5
6.0
4.0

15
3.4
4.4
5.9
NA
3.8
2.1
5.1
NA

3.7
3.9
3.8
2.1
2.3
3.2
2.7
2.5
2.5
3.6
2.3
2.3
2.1
3.6
1.8

1.28
0.06
0.55
0.52
0.67
0.40
0.40
0.96
0.98
1.26
2.30
0.73
0.68
1.45
2.33

0.76
0.03
0.33
0.31
0.40
0.24
0.24
0.57
0.58
0.75
1.37
0.43
0.41
0.86
1.39

*treated as an outlier and excluded from statistoalyses
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CHAPTER 6

TEMPORAL RESOURCE ASYNCHRONY AND SEASONAL DIET SWOHING IN
ARCTIC FOOD WEBS: COMPARISONS BETWEEN EMPIRICAL PAERS AND
THEORETICAL PREDICTIONS
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INTRODUCTION
Linking food web structures with mechanisms thainpote food web persistence

(i.e. the continued existence of a food web throtilgle) has been an elusive but
important goal of ecologists for decades (MacArth@55; May 1973; Yodzis 1981).
There has long been a suspicion among ecologstspatial resource subsidies and
flexible consumer feeding behaviour are importantéod web complexity (Elton 1927,
Polis 1991), and the ability of food webs to adaghe face of perturbations (Levin
1998). Recent theoretical models have largelyiooef that persistence is greatly
increased when food webs are structured suchékatirces vary asynchronously in
space (i.e. exhibit different relative abundanceslch are 'coupled’' by generalist
predators (i.e. when consumers move throughouatigscape consuming abundant
resources) (Rooney et al. 2006). The coupling afialy asynchronous resources
imparts persistence to food webs because: 1) #weiree asynchrony provides a steady
source of food to consumers, 2) resources and amrsuwithin the fast energy channel
rapidly recover from perturbations, and 3) becausesumers 'decouple’ from (i.e. stop
consuming) declining resources, thereby allowirayee resources to recover (Rooney et
al. 2006; McCann and Rooney 2009). Consumers sockalown to couple resources as
they vary in time. For example, frugivorous birdgtsh their diets to exploit seasonally
varying abundances of insects and fruit, whicth@ight to promote species coexistence
and diversity (Carnicer et al. 2008). However, vieny data have been collected to
categorize temporal changes in trophic interactairtbe scale of an entire food web (e.g.
Johnson et al. 2009). It therefore remains unknidwre coupling of temporally

asynchronous resources is a common structure thviebs.
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Temporal variability in resources is more the mahan the exception in
terrestrial and aquatic environments, and coulecafiood webs in a number of ways. For
example, drawing on Noy-Meir's (1973, 1974) pulsgerve hypothesis, Polis et al.
(1996) contended that the copious amounts of dstptoduced during productive
periods, and converted into detritivore biomass, & as an alternative resource for
consumers during non-productive periods. The gilitconsumers to switch between
feeding on abundant phytoplankton-based resouna@sgdproductive periods to feeding
on detritus-consuming prey during non productiveqaks (i.e. coupling temporally
asynchronous resources, Fig. 1.3) is synonymoustivit movement of consumers in
space to exploit abundant and abandon declinirauress (Eveleigh et al. 2007). The
coupling of temporal resource asynchrony coulddfoee promote persistence in a
similar manner to that previously described fortishaoupling (Rooney et al. 2006). If
temporal mechanisms are important for food welcsire and persistence, two patterns
are expected (McCann et al. 2005): 1) multiple veses that vary asynchronously
through time should exist (i.e. as the abundanamefresource declines, another
resource increases) and 2) consumers should satnasral couplers of this resource
variability by exploiting abundant (i.e. temporalupling) and abandoning scarce
resources (i.e. temporal decoupling). The arctanis of the most temporally variable
marine environments on earth (Weslawski et al. 188t should therefore be a fruitful
location to investigate the effects of temporabrgse variability on food web structure,
and to determine whether empirical food web stmest@re consistent with theoretical

predictions.
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What is known about the seasonal changes of anairine ecosystems and the
effect of seasonality on arctic food webs? Gengrafpen-water diatom blooms in the
summer months fuel pelagic food chains (Falk-Peteet al. 2000; Falk-Petersen et al.
2007) and settle to the sea floor to support ardevbenthos (Forest et al. 2008; Renaud
et al. 2011). The phytoplankton bloom eventuallgdmes nutrient and light limited as
ice forms, winter progresses, and very little peladgae are present during the dark, ice-
covered period (Carey 1992). When light returnearly spring, under-ice algae provide
early nutrition to pelagic and benthic consumeraré® 1992), which is followed by the
phytoplankton bloom, completing the annual cyckridtls of > 9 months can separate
times of phytoplankton production in arctic sease@fdwski et al. 1991) and as a result,
arctic consumers are broadly considered to feegbpsrtunists all year (Lovvorn et al.
2005; Renaud et al. 2011), or to cease feedingentiuring winter and enter diapause
(i.e. some calanoid copeods, Falk-Petersen e0@P)2 Opportunistic feeding behaviour
has been invoked to explain the lack of seasora@s in the diets of arctic biota
(Werner and Auel 2005; Renaud et al. 2011; Legeayes al. 2012), which is consistent
with an 'unstructured' food web (Isaacs 1973). Hamearctic ecosystems are known to
experience seasonal changes in primary produdBamgack and Wassmann 2006),
lower biomass and diversity in winter (Weslawskakt1991), and a switch from
phytoplankton to detritus fueling the summer andter food webs, respectively (Forest
et al. 2008). Further, some consumers, like rirggsads Pusa hispida), are known to
switch their diet with season, exploiting higherthnic position prey in the winter (Lowry
et al. 1980; Weslawski et al. 1994). Unfortunatetych empirical work in the arctic to

date has been highly regional (Carmack and Wass2@®®) and no attempt has been
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made to broadly unite empirical observations frbmndrctic with patterns predicted by
recent food web theory. Further, most studiesrégadrt winter feeding behaviour focus
on one species (e.Busa hispida, Weslawski et al. 1994), functional group (e.g.
sympagic amphipods, Werner and Auel 2005) or ormdgréion of the food web (e.g.
benthic food web, Renaud et al. 2011). It therefersains unclear which view of arctic
food webs, as structured or unstructured, is ctrrec

The goal of the present study was to determindlvenéemporal coupling of
asynchronous resources is an apparent structunenvaitctic food webs when sampled
between summer and winter. Specifically, the follaywuestions were asked: 1) do
resources in arctic food webs vary asynchronousiyugh time?, and, 2) do arctic
consumers switch their diet away from declining towlards abundant resources as they
vary through time (i.e. 'couple' resources in titn&p answer these questions, previously
published data were compiled from arctic seas $esss 1) seasonal variability in basal
resources (i.e. phytoplankton, detritus and magesland in the biomass of
zooplankton, benthos and fishes (to establish venedsources and prey availability
varied asynchronously) and 2) seasonal diet switchy consumers (to establish whether
consumers altered their diet in response to tenhpesaurce asynchrony if observed). To
further explore seasonal changes in food web streictlata collected in Cumberland
Sound, Baffin Island, Canada during summer andewipériods are presented. Primary
production was expected to only occur during sumanerthe biomass of zooplankton
was predicted to decline in winter (Weslawski etl@91). If resources are observed to
vary asynchronously, for example, if the biomassarhe resources decline in winter and

availability of other resources increase in wingrgd consumers alter their feeding
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behaviour in time to exploit abundant resourcesdewbuple from declining resources,
then the observed pattern would agree with thatigied by theory (McCann et al. 2005)
(i.e. Fig. 1.3, Ho). One alternative possibilitynis apparent temporal pattern in the

overall structure of the food web (Fig. 1.3, Ha).

MATERIALS AND METHODS

Literature review

The literature review was restricted to studies tkported data from an arctic
food web (categorized as defined by Carmack andsWwasn 2006) during both summer
and winter (i.e. data were not compiled from stadreat only reported winter or summer
data only) and to studies focused on marginaléeeaseas that experience periods of
both open water and ice cover (e.g. not on packoiceé webs). Data were compiled for
summer and winter only (although other seasonsoois\y occur in the arctic), because
summer and winter are the times of maximum andmun phytoplankton production
and arguably represent the most disparate condig@perienced by most arctic
organisms. The timing of summer and winter diffi@roag arctic locations, but most
arctic studies define these seasons in a similanera(e.g. Weslawski et al. 1991;
Carmack and Wassmann 2006). Arctic summer is the ¢if predominantly open water,
no or little ice cover and high solar radiationjraty stratification and high
phytoplankton productivity. Winter is defined ag time of 100% ice cover, and low
water column stratification, solar radiation andvary productivity. The review of
biomass and consumer diet changes was attempbsdehaustive. The review of

changes in basal resources was not exhaustive deettaguickly became clear that
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phytoplankton peaked in the spring or summer arglava minimum in the winter,
which is a known characteristic of arctic seas (@ark and Wassmann 2006).
Cumberland Sound sampling

Several lower and upper trophic level speciesyelsas primary producers, were
sampled for stable isotope and fatty acid analiggie Chapter 2 for a description of
Cumberland Sound and Fig. 2.1. for a map of sagptioations) during summer
(August) and winter (April) of 2007-2010 (see Tablé& for species sampled and putative
diet information, and Tables S6.1 and S6.2 for demmates). Zooplankton were
captured using a 243m plankton net (Wildlife Supply Company®, Buffaldew York)
by performing horizontal and vertical tows (froman&ottom to surface) in open water
(summer) and vertical hauls through holes cut éitle during winter. Benthos were
sampled using a dredge, Ponar or dip nets in sun®mer exception was scavenging
amphipods @nisimus spp.), which were caught using bottom traps baitid seal
blubber (wrapped in mesh to prevent consumptiocyldn (Myoxocephal us scor pius)
were captured using baited fishing line and elasanaths (arctic skaté&mblyraja
hyperborea, Greenland shark&omniosus microcephalus) using bottom long lines (set
from a boat during summer and through ice holesiitter). Ringed seals were collected
during Inuit subsistence hunts. Samples colleatedtible isotopes and fatty acids (see
Table S6.1 and S6.2 for tissues sampled, respggtivere immediately frozen at -20°C
and -80°C.

In an attempt to capture a seasonal diet switohefexisted in upper trophic
levels, tissues thought to have fast turnover timexe sampled (MacNeil et al. 2005;

MacNeil et al. 2006; Bkela et al. 2009). Specifically, plasma was samplethfro
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Greenland sharks and liver from arctic skate (futhistable isotopes and fatty acids).
Liver and blubber of ringed seals were analyzedfable isotopes and fatty acids,
respectively. It is important to note, however t e sampling of different tissues limits
the ability to compare stable isotope values antbage species due to differences in
tissue-specific diet-tissue discrimination valu€aut et al. 2009; Hussey et al. 2012).
However this will not affect the purpose of thisdy, as the goal was not to compare
between species but between seasons, within sp8aiegples were analyzed for stable
isotopes as described in McMeans et al. (2009¥amniéhtty acids as described in Chapter
2 and McMeans et al. (2012).
Analysis of Cumberland Sound data

Two-way ANOVAs (factors=functional group*seasorgn& used to determine
the effect of season @1°C andd™N after accounting for differences among functional
groups and ensuring normality (g-q plots) and haredacity (Levene's test). Where
3, Welch's tests (two groups) or ANOVA=@ groups) were used to compatéC and
5N values of individual species between samplingsldion-metric multidimensional
scaling (dimensions = 2, distance measure = Ewatide/as used to explore differences
in fatty acids among: 1) primary producers, zookian and benthos and 2) fish and
marine mammal consumers. Data were generated fiatyCacids, but analyses were
performed on 5 fatty acids known to be informatiegarding resource use and diet
(Table 6.2). All analyses were performed in R (Rri@epment Core Team 2010) and the
significance level was set at 0.05.

Trophic positions and carbon sour ces of Cumberland Sound species
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Stable isotopes are useful for calculating reéatrophic positions and for tracing
the use of isotopically distinct carbon sourcestlgh arctic food webs (Dunton and
Schell 1987; Sgreide et al. 2006; Tamelander &0&l6). To do so, however, requires
first correcting upper trophic level isotope vallmgsboth diet-tissue discrimination (i.e.
A'3C andA™N) and for temporal variability in stable isotoshe base of the food web
(Vander Zanden and Rasmussen 1999; Vander ZandeRasmussen 2001; Post 2002).
Specifically in arctic seas, POM and macroalgaekaosvn to change their isotopic
signature by becoming more enriched and deple¢sgectively, in winter compared to
summer due to increased bacterial degradationntew(Fig. S6.1). To overcome these
issues, a one-source and a two-source model, tesggcwere used to calculate relative
trophic positions (TP) and relative reliance oreget carbond). Relative TPs were
calculated for summer- and winter-sampled indivisusing the mea&™N of the filter-
feeding clam Kya eideri, TPyaseline2) from summer and winter, respectively (Table

S6.1), as the baseline and 3.4%. asAti#l in the following equation:

15Nconsumer - 615Nclam
TPconsumer = TPbaseline + A5 N Eqn- 1

To identify changes in horizontal food web struetuwralues otx were calculated using a
modified two-source mixing equation (Post 2002; ¥amnZanden and Vadeboncoeur
2002) that incorporates enrichment of consutf@rat each trophic step (i.£>*C) above

the primary consumer baselines as follows:

v 813 Consumer — [AC X (TPeonsumer — 2)] — 513Cp01y0/laete Eqn. 2
513Cclam_ 5136polyc/laete |
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A™C was set at 0.8%o (Dunton and Schell 1987; FredrilZ003), TRnsumeiS the result

of the one source TP model for each individual (EQrand 2 is the TP of the baselines.
The filter-feeding clam and deposit-feeding polysteaCistenides granulata) were used
as the two baselines for phytoplankton and bergibon, respectively. Thus, relative
values ofa represent % reliance on pelagic vs. benthic carbbese species are
appropriate baselines because they likely feegealt on available carbon and should
therefore reflect changes in the isotopic sighatdiigarbon between summer and winter,
unlike other previously used baselines I&aanus (Hobson et al. 2002) that do not feed

in the winter (Sgreide et al. 2008).

RESULTS

Temporal resource variability

As expected, total particulate organic carbon (P& was consistently higher
in summer versus winter in all 6 arctic regionsi{f€a56.3). The seasonal variability
observed for total POC was mirrored by trends ec#je types of POC: phytoplankton,
detritus and fecal pellets (Fig. 6.1). Total POGummer was predominantly represented
by fresh phytoplankton and zooplankton fecal pgjlethereas detritus dominated total
POC in winter (Fig. 6.1). Fecal pellet flux tendedbe higher in summer than winter
(Table S6.3), but based on results presented sFet al. (2008), the proportion of
degraded fecal pellets increased in winter (Fig)),6ndicating increased reliance on
coprophagy. Macroalgae detritus is also thouglebtdribute substantially to the detrital
pool and to act as an important resource to consudwing winter (Table S6.3, Dunton
and Schell 1987).
Temporal changes in biomass
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Herbivorous zooplankton declined in biomass frermsner to winter, whereas a
larger proportion of omnivorous and carnivorousankton had higher abundance or
biomass in the winter (vs herbivores, Fig. 6.2). &mample, smaller copepods like
omnivorousMicrocalanus pygmaeus andPseudocalanus sp., as well as copepod
naupulii, were reported in higher numbers in winkem summer (Table S6.4). However,
changes in zooplankton abundance and biomassteoaiely linked to water currents
(Sereide et al. 2003; Hop et al. 2006) and lifeédnis(e.g. the ‘'ontogenetic escalator’
described by Conover 1988), such that declininglbiss does not necessarily only
represent mortality.

Abundance or biomass of deposit/filter feeding {BF) benthos also varied with
seasonal changes in primary production because Hpeies often, but not always,
declined in abundance or biomass during the wiiiiigr. 6.2). Upper trophic level
benthos, which included omnivorous, carnivorouaysaging (O/C/S) amphipods, on
the other hand, commonly maintained biomass betweasons, but were also reported
to increase or decrease during winter (Fig. 6.2)886.4). The biomass of transient
species like arctic cha&dlvelinus alpinus) and capelinjlallosus villosus) obviously
declined in winter (Table S6.4). No data coulddimated regarding if and how resident
species, like ringed seals, change in biomasswrddnce between summer and winter.
Resident arctic consumers like ringed seals prodaderear young in late winter
(Lydersen and Gjertz 1986; Ferguson et al. 20@bg decline in biomass would not be
expected.

Seasonal diet switching by consumers
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Compiled data from the literature indicated that dwitching between summer
and winter in arctic consumers is variable withmal detween functional groups (Fig. 6.3,
Table S6.5). Herbivorous zooplankton exhibitedrtigst consistent response by
switching from a phytoplankton diet in summer ttyireg on internal reserves in winter
(Fig. 6.3). This is a well known mechanism of tlemgsCalanus (e.g. Falk-Petersen et
al. 2009) which survive the winter by decreasirgjrthespiration rate (Fig. 6.4) and
relying on stored lipids. DF/FF benthos generaMigibited no change in diet with
season, although reports of reliance on interrsarkes or increased contribution of
benthic or macroalgae carbon were found (Fig. BaBle S6.5).

A greater range of diet changes between summewantdr was exhibited by
omnivores and carnivores (Fig. 6.3). Not changileg @ith season was commonly
reported (i.e=50%) in carnivorous zooplankton, O/C/S benthosiarfsh, marine
mammal and seabird consumers (Fig. 6.3). The oasenvthat not all arctic species
switch their diet with season is supported by thevkn response of some consumers,
including certain amphipods (e @nisimus), to maintain the same respiration rate
through winter, unlike herbivorous copepods (Fig) 6However, switching to a higher
trophic position in winter was also reported fonsomers and some O/C/S benthos (Fig.
6.3).

Data from Cumberland Sound allowed further expioraof seasonal diet
switches and changes in overall food web strudiwgen vs TP). At the level of
functional groups, two way ANOVAs revealed thatsseaand the functional
group*season interaction term was significant¥oN (Table 6.3). Based on Tukey's

post hoc comparisons, carnivorous zooplankton,warous benthos and pelagic
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consumers were the only functional groups to exisignificantly highe®™N in winter
than summer. At the species level, Welthésts and ANOVASs revealed th&tN was
significantly different between summer and wintar ¢dlam (DF/FF benthos), whelk
(Buccinum cyaneum, O/C/S benthos), sculpin (fish consumer) and ringgs (marine
mammal consumer), and tH&C significantly differed in the wandering anemone
(unknown species, O/C/S benthos) and sculpin (T&6l&, Fig. 6.5). Based on
calculated values of relative TP amdanemone, jellyfishAglantha digitale, O/C
zooplankton), whelk and ringed seal fed at a higlmhic position, and anemone, whelk
and sculpin fed on higher amounts of benthic carbhamnter vs summer (Table S6.1).
Higher POM&™N in winter vs summer and more similar seasonalesbf macroalgae
&N (Fig. S6.1) corresponded to significantly higheN in clam and similar values in
polychaete between winter and summer (Table S&y16F5). This result supports the
contention that clams consume pelagic carbon ahatip@etes consume macroalgae
and/or benthic carbon year round and incorporaesinature of available carbon during
summer (fresher material) and winter (more degradatérial).

Fatty acids supported stable isotope results ftamberland Sound (Table S6.2).
For exampleC. hyperboreus exhibited higher 20:1n-9 and other MUFA (e.g. 189)n
and lower PUFA like 20:5n-3 in winter (Table S6FR;. 6.6), which reflects the selective
retention and catabolism of certain FA during oviatering (Chapter 2, Lee 1974;
McMeans et al. 2012). Based on the NMDS of prim@anducers and zooplankton, FA
profiles of whelk in winter separated from summee do higher carnivory markers in the
former (Fig. S6.2), supporting their higher caltethTP (Table S6.1). Higher ARA

(Table S6.2) in winter sculpin supported highgiTable S6.1) in indicating that winter
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sculpin relied more heavily on benthic carbon (€ah4). Combined, stable isotope and
fatty acid results revealed that 50% of Cumberl&odnd species sampled exhibited a
seasonal diet switch, and that the specific regmotconsumer diets between seasons
were variable within all functional groups excemt €arnivorous zooplankton (Table
6.4).
Food web structure

The overall structure of the Cumberland Sound feet (i.e.a vs TP) differed
between summer and winter with a shift in structhieg was driven by increases in TP
and decreases i (i.e. greater reliance on benthic sources in wjriig several species
(Fig. 6.7). Based on results of the literature e@avand data from Cumberland Sound, a
conceptual model of changes in arctic food webwéeh summer and winter was
generated, which aims to capture temporal res@asygechrony, biomass changes and
associated changes in consumer diet (Fig. 6. Hertontext of their importance for food
web persistence (based on food web theory, McC@0B)2 General roles of functional
groups in arctic food webs were assigned to ilatstthepotential function of species
belonging to a given function group. Assigning dmection or behaviour to an entire
functional group is clearly an oversimplificatioivgn that seasonal changes in species’
biomass (Fig. 6.2) and diet (Fig. 6.3) were vagabithin functional groups. lllustrated
linkages among species are also oversimplified usraost species would consume
prey from multiple functional groups and becauskdito the detrital sediment ‘food
bank' would almost certainly be higher (Mincks le@05). However, this model (Fig.
6.7) is useful for considering observed patterraratic food webs in the context of food

web theory.
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DISCUSSION

Relating empirical patterns with predictions from food web theory

Evidence for both temporal resource asynchronycamgumer coupling of
resources in time were found in the present stRegults presented here therefore
provide empirical support for the hypothesis tivag similar manner to spatial coupling
(Rooney et al. 2006), the coupling of temporallyreshronous resources is important for
the maintenance of food web complexity (Carniceale2008) and food web persistence
(McCann et al. 2005). The existence of multipleaperally asynchronous resources
could promote the persistence of food webs by plingiconsumers with a stable
resource base during both productive and non ptoduttmes (Polis et al. 1996).
Consumer switching behaviour would allow decliniagources to recover, further
promoting food web persistence (McCann et al. 2006)mbined, the above mechanisms
would impart a flexible nature to food webs and@ase their ability to respond in the
face of perturbations (Levin 1998).

Temporal resource asynchrony existed in arctis beaause phytoplankton
production and herbivore biomass peaked in the ssnrand several species of O/C/S
zooplankton and amphipods, young stages of herwsozooplankton, and benthos
peaked during winter months. High®rN in filter-feeding clams from Cumberland
Sound and lowes™*C in the deposit-feeding polychaete in winter iadiécthat
phytoplankton and macroalgae were consumed asudedn more refractory forms in
winter than summer, supporting previous contenttbas arctic food webs are driven by
detritus in the winter (Forest et al. 2008). Conetsyexploited the abundant
phytoplankton growth or the large numbers of hestowus zooplankton during the
summer, and switched to more refractory carborhenig Ps, or greater amounts of
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benthic carbon when summer resources became sndteewinter (Fig. 6.7). This
coupling-decoupling of different resource comparttaas precisely the structure that is
predicted by food web theory to impart persistgiddeCann et al. 2005). To the best of
my knowledge, this is the first time that the temgbaharacteristics of arctic marine food
webs have been discussed in the context of recedtweb theory.

The persistence-promoting mechanisms that arige froth spatial and temporal
coupling of asynchronous resources are similar (MecCet al. 2005; Rooney et al. 2006),
but the mechanisngenerating resource asynchrony could differ. Consumer seleaifo
specific resources is an important, top-down meishathat drives resource asynchrony
in spatial landscapes (Rooney et al. 2006; McCawinRooney 2009). On the other hand,
changing levels of sunlight and nutrients (i.etdwotup factors) would be the primary
drivers of temporal resource asynchrony (e.g. gmhtree fruiting, Carnicer et al.

2008). Interestingly, bottom-up processes areyikaportant for the generation of both
spatial and temporal resource asynchrony in aoct@her highly seasonal environments,
because, even within the productive period, theguihature of primary production is the
primary driver of differences in availability ofgeurces in both space (Chapter 3) and
time (this study). In this way, the mechanisms gatneg spatial and temporal resource

asynchrony could differ between arctic and tempgeoatropical locations.

The observation that about 50% of Cumberland Sepedies sampled exhibited
a seasonal diet switch and that this responsedvaiithin and between functional groups
is consistent with the results of data compiledrfithe literature. For example, both
amphipods and whelk had higher 20:1n-9 and lowesr2@ in the winter (Fig. 6.6),

which, based on their known opportunistic and sogieg behaviour (Table 6.1), could
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indicate increased consumption of detritus (IoWwWFASs like 20:5n-3, Sgreide et al.
2008), or increased scavengingQa anus copepods or consumers@élanus (i.e. high
20:1n-9). The slightly higher TP and 20:1n-9 prdjoms (Fig. 6.6) of winter Cumberland
Sound ringed seals supports previous reports tiieaspecies switches its diet from
zooplankton and amphipods in the summer to figh piglar cod Boreogadus saida) in

the winter (Table 6.4), which are high in 20:1rE&fl et al. 2000). The varied responses
of arctic species to environmental variability abbke an important mechanism
promoting species coexistence (Abrams 2006; Careical. 2008), which is an
interesting avenue for future research.

The Cumberland Sound data additionally revealed the shape of an arctic food
web (i.e. TP v&t) can shift between summer and winter. Becausetheredator, the
Greenland shark, did not exhibit a seasonal digtkwthe vertical height of the food
web (food chain length) did not differ between seas However, increased TPs and
decreased values affor several consumers did result in a shift indkierall shape of
the food web (Fig. 6.7). The ubiquity of such shift food web structure with time
remain to be explored, but likely exists in monaperate oceans as well. For example,
using network analysis, Johnson et al. (2009) fahatithe Chesapeake Bay food web
switched from pelagic-dominated in the summer toenttetritus and benthic dominated
in the winter, which agrees with results from thegent study (i.e. from Cumberland
Sound) and in previous arctic studies (Dunton actees 1987; Forest et al. 2008).
Implications for climate change

Based on food web theory, the removal of spatisémporal resource

asynchrony would leave consumers nothing to respmnda coupling and decoupling,
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removing the mechanism thought to promote persistand resulting in an essentially
unstructured food web (McCann et al. 2005; Roorney}.€2008). Global climate change

is a threat to resource asynchrony in arctic seaause predicted consequences include a
switch from highly pulsed, intense phytoplanktondarction driven by diatoms (high
quality) to more prolonged, less pulsed phytoplankiroduction driven by smaller

(lower quality) flagellates (Weslawski et al. 201The increased constancy and
decreased quality of phytoplankton growth (Weslawslal. 2011) is thought to result in
community level changes, whereby communities dotadhly the larger, more lipid-rich
C. glacialis andC. hyperboreus are replaced by small€x. finmarchicus, which would be

a lower quality food for consumers (Falk-Petersesl.€2007). Decreases in benthic
biomass are also a predicted scenario, due todteafal for diminished benthic-pelagic
coupling (Weslawski et al. 2011). Such changesdcdatrease temporal asynchrony by
removing the benthos as an alternative resourceciossumers, and replacing the summer
'‘bloom’ ofCalanus production with a more temporally stable, lowealify resource base
(i.e. C. finmarchicus) for consumers.

In conclusion, arctic food webs are structurechghat temporally asynchronous
resources are coupled by consumers, which is densigith predictions from food web
theory (McCann et al. 2005; Rooney et al. 2006@wiing the seasonal changes in arctic
food webs through the lens of recent food web theamy action that promotes resource
synchrony would be detrimental to arctic food wdhgure work is tasked with
incorporating more subtle differences in speciescHjgz resource use between seasons
into the more general framework developed here. é¥@awn based on the present study's

results, the coupling of resource compartmentpragously described in space (Rooney
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et al. 2006), also occurs in time. Therefore, tbeeptial for food webs to be structured on
a temporal axis is likely an additional structurattpromotes their persistence (McCann

et al. 2005), at least in seasonal environmengsthile arctic.
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Table 6.1. Species sampled from Cumberland Souadaut during summer (August) and winter (Aprilflgrutative diet

information.

Functional Group  Species Diet Reference
Zooplankton
Herbivorous Calanus hyperboreus phytoplankton Sgreide et al. 2008

Mysis sp.
o/C Aglantha digitale
Sagitta sp.
Benthos
DF/FF Cistenides granulata
Mya eideri
O/CIS Wandering anemone
Buccinum cyaneum
Amphipods (likelyOnisimus
sp.)
Consumers

Somniosus microcephal us
Amblyraja hyperborea
Myoxocephal us scor pius

Pusa hispida

phytoplankton and macroalgae
copepods, fecal pellets, detritus,

dinoflagellates, ciliates
copepods

deposit feeder
filter feeder

unknown but likely canmmus
polychaetes, bivalves, carrion

algae, zooplankton carrion

P. hispida, R. hippoglossoides, M.
scorpius
Lebbeus polaris

isopodsMysis, polychaetes

themisto, fish

Dunton and Schell 1987
Pages et al. 1996
Pearre 1973
Fauchald and Jumars 1979
Shumway et al. 1985
Himmelman and Hak@8B
Werner and Auel 2005

McMeans, unpub. data

McMeans, unpub. data

McMeans, unpub. data,

Cardinale 2000
McMeans, unpub. data
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Table 6.2. Indicator fatty acids used to investgsgasonal diet changes in Cumberland
Sound biota.

Fatty acid Diet indication References

16:1n-7 high in phytoplankton or phytoplankton-aeméng prey 1,2

18:1n-9 high in carnivores 3,4,5
20:1n-9 high inCalanus copepods and consumersQa#lanus 2,3,6
20:4n-6 high in macroalgae or macroalgae-reliaay pr 7

high in phytoplankton or phytoplankton-consumingypr

20:5n-3 low in detritus

1,2,5

22:6n-3 high in phytoplankton or phytoplankton-aoméng prey 1,2,5

1. Graeve et al. 1994, 2. Kattner et al. 1989 aBgént and Falk-Petersen 1981, 4. Sargent and Falk-
Petersen 1988, 5. Sgreide et al. 2008, 6. Graeale 2205, 7. Kharlamenko et al. 1995
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Table 6.3. Results of two-way ANOVAs investigatihg effects of functional group

(Table 1) and season (summer vs winter6& and3*°N of Cumberland Sound species.

[ df SumSq MeanSq Fvalue P
Fun.group 6 215.70 35.95 39.27 <0.001
Season 1 1.01 1.01 1.10 0.30
Fun.group*Season 6 11.49 1.92 2.09 0.06
Residuals 170 155.61 0.92

3N df SumSq Mean Sq Fvalue P
Fun.group 6 1709.01 284.84 379.80 <0.001
Season 1 55.13 55.13 73.51 0.00
Fun.group*Season 6 30.78 5.13 6.84 0.00
Residuals 170 127.49 0.75
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Table 6.4. Seasonal changes in diet between suamdewninter in Cumberland Sound biota based onesiabtope (SI5™N,

8°C) and fatty acid (FA) evidence.

Fun. Group Species Change How Evidence
Zooplankton
Herbivorous Calanus hyperboreus Yes phytoplan_ktor_1 in summer, internal no consistent seasonal differences in Sl, highgtopttankton
reserves in wintt FA in summe
. consumption of non-phytoplanktonseparation on NMDS due to higher 20:1n9 and lovdetr?-6
Mysis sp. Yes S . S
food in winte and 22:6-3 in wintel
o/C Aglantha digitale No omnivorous/ carnivorous all year similar TP anch between summer and winter
Sagitta sp. No carnivorous all year similar*C and 8N, TP and between seasons
Benthos
DF/FF Mya eideri Yes ::r;rbe;sed reliance on re-worked significantly higherd™N
Cistenides granulata No selectively f?eds on similar no significant difference ir5**N or §'C
particles yee-rounc
O/CIS Wandering anemone Yes increased benthic carkage significantly higher5'*C and highen in winter
Amph|pods Onisimus No generall_y S|_m|la_r, perhaps more no separation on NMDS, although 20:1n-9 was higtherinter
spp.. scaenging in winte
. . significantly highes™N, higher TP and higher 20:1n-9, 18:1n-9
Buccinum cyaneum Yes increased TP and lower ARA, EPA, DHA in winter
Consumer Sqmn|ows No likely opportunistic all year no consistent differences in Sl of FA between sumene
microcephalus winter
too few summer data to speculate, _1 ; ; . .
. X 'n=1 in summer but had higher 18:1n9, 20:1n9 and t&0e5n-
Amblyraja hyperborea  No but differences warrant further 3 in winter vs summer
attentior
i ; 13 . . ;
Myoxpcepha]us Yes increased benthic feeding S|gn|f|cantly higherd-°C,a, 18:1n-9, 20.1|j-9 a_md higher
scorpius contribution of polychaetes to stomachs in wihter
Pusa hispida Yes increased TP Not always significant, but highei'*N in winter, slightly

higher TP and higher 20:1n9, EPA, DHA in winter

1. B. McMeans, unpublished data; NMDS:

non metndtidimensional scaling, used to assess differeicéatty acids among species (Fig. S6.2); TP:
8"°N-derived relative trophic positiong; 8**C-derived reliance on pelagic carbon
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Fig. 6.1. Particulate organic carbon flux (POC, @&gi* d*) from Forest et al. 2008
sampled in Franklin Bay, Beaufort Sea during sumftigint bars) and late winter
(March, dark bars). Inset shows % of degraded feelét flux. Redrawn from Forest et
al. 2008.
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Fig. 6.2. Differences in abundance/ biomass betweemmer and winter among
functional groups sampled from various regionsultmut the arctic (number of studies

summarized in parentheses, Table S6.4). Pieceseiiag 'no change' is offset.

] 4 in summer

I 4 in winter

B No change

4 ) 4

Herbivorous zooplankton (19)  Omnivorous zooplankton (25) Carnivorous zooplankton (8)

‘

Deposit/filter-feeding Omn./ Carn./ Scav. Fish, bird, mammal
benthos (19) benthos (14) consumers (7)
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Fig. 6.3. Changes in diet from summer to winteaictic animals (number of studies

summarized in parenthesis, Table S6.5). Piece septieag 'no change' is offset.

B Internal reserves e 4 trophic position
] 4 benthic or kelp I No change

e

Herbivorous zooplankton (13) Omnivorous zooplankton (10) Carnivorous zooplankton (9)

Ce

Deposit/filter-feeding Omn./ Carn./ Scav. Fish, bird, mammal
benthos (12) benthos (22) consumers (20)
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Fig. 6.4. Respiration rates for two copepods aneketlamphipods sampled during

summer (light bars) and winter (dark bars) in vasiarctic regions.
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CH*: Calanus hyperboreus, both samples were collected during summer, dateiged for 'winter' were
inactive samples collected in deep water, Auel.2@03; CF:Calanus finmarchicus, Hirche et al. 1983,
AG: Apherusa glacialis, GW: Gammarus wilkitzkii, On: Onisimus spp., Wener and Auel 2005

176



Fig. 6.5. Mean+SE of stable nitrogedt{\) and carbon isotope&'€C, both %o) for
selected species sampled in Cumberland Sound, @alachg summer (August) and
winter (April, see Table S6.1 for significant diféamces and full list of species sampled).
Summer and winter samples were collected in Aug088 and April 2009, respectively,
with the exception of anemone (August 2007 and|AR®08), ringed seal (April 2008
and August 2008), DF polychaete and sculpin (bqihl2009 and August 2009).

‘ QO Summer
s Ringed seal \ @ Winter
16
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g
Ice-POM *
] Macroalgae
6 % detritus
POM Macroalgae
4 1 I 1 1 1
-22 -20 -18 -16 -14

§°0
MacroalgaeFucus distichus., DF polychaeteCistenides granulata, FF clam:Mya eideri, Jellyfish:
Aglantha digitale, Predatory snaiBuccinum cyaneum, Anemone: unknown species, Sculpin:
Myoxocephal us scorpius, Ringed sealPusa hispida
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Fig. 6.6. Mean+SD of 20:1n-9 and 20:5n-3 in se@atberland Sound species between
summer (August) and winter (April). Summer and wirdgamples were collected in
August 2008 and April 2009, respectively, with theeption of ringed seal (April 2008
and August 2008), Mysis and sculpin (both April 2@hd August 2009).
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Cope: Calanus hyperboreus, Mysis: Mysis sp., Antfifikely Onisimus sp., Predatory snail: Buccinum
cyaneum, Sculpin: Myoxocephalus scorpius, Ringedt Sisa hispida
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Fig. 6.7. Cumberland Sound food web structure (#amee on pelagic carbou) vs
5"°N-derived trophic position) between summer (A) arnidter (B) and conceptual model
of temporal changes in arctic food webs (lower EnArrows represent use of
phytoplankton (green), detritus (brown) or carnyw(slack).
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biomass @Omnivorous zooplankton & amphipods - can act as femporal couplers by switching from phytoplankton in
summer to zooplankton (including naupulii) in winter, can maintain or increase biomass in winter {4 )Carnivorous zoo-
plankton - feed on zooplankton all year, no temporal coupling @Deposit/ﬁlter feeding benthos - can act as temporal
couplers of fresh and refractory carbon & can maintain biomass through winter (6)Consumers - can act as temporal cou-
plers by exploiting abundant zooplankton in summer and switching to higher trophic position (a) or increasing consumption
of benthos (b) in winter

179



SUPPLEMENTARY MATERIAL
Table S6.1. Mean + SD &f°C, 5N, &"°C-derived relative % reliance on pelagic carbm)) §*N-derived relative trophic positions (TP)
and total length of species sampled from Cumberfamahd, Nunavut during summer (August, S) and wifwénter, W) of 2007-2010.
When samples size was8, speciesd™C andd™N values were compared between summer and windeYMélch's t test (2 groups) or

ANOVA (=3 groups). Results are provided under 'test' cotuamd similar values share the same letter. Dashdjcates not calculated

or not reported.

7 13 15
glﬁgﬁ'gonal Species name Tissue Date N &C (%o) ?es? 3N (%o) '?es’y a TP TOt?(I:rL?)ngth
Basal
POM Whole S '08 1 -22.1 - 8.2 - - - -
IcePOM Whole W '08 1 -20.3 - 5.6 - - - -
Macroalgae fucus leaf S'08 3 -149+12 - 64+11 - . . .
distichus)
S '09 3 -151+18 - 75+13 - - - -
Macroalgae detritus Leaf w'09 3 -16.7+0 - 78 - - - -
Zooplankton
Herbivorous Calanus hyperboreus Whole S '07 7 -194+04 a 104+04 a 1.0£0.1 2601 -
w08 2 -208+x0 - 10.4+01 - 13+0 230 -
S '08 5 -204+01 ® 99+05 a 12+0 24+0.2 -
W09 8 -207+05 b 10.5+04 a 13+01 24+01 -
Mysis sp. Whole S '09 5 -208+0.1 - 9+01 - 13+022+0 -
Carnivorous Aglantha digitale Whole W '08 2 -20.2+x0.2 - 11.8+0.2 - 1.2+£0.2.7+0.1 -
S '08 7 -205+03 - 10.1+04 - 13+01 26% -
w09 2 -206+0 - 11.8+0.1 - 14+0 270 -
Sagitta sp. Whole W '08 3 -19.4+0.2 - 145+0.2 - 1@+ 35+0.1 -
S '08 2 -193+05 - 141+0 - 12+01 3.7%0 -
w09 3 -19.7+0.2 - 14+01 - 12+01 34z0 -
Benthos
DF/FF Mya eideri Mantle S '07 5 -195+04 a 83+01 rsa 09+01 2001 -
S '08 6 -201+0.2 a 85+03 sa 1.1+01 20zx0.1 -
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o/CIs

Consumers

Cigtenides granulata
Wandering anemone

Buccinum cyaneum

Somniosus
microcephalus

Amblyraja hyperborea
Myoxocephal us scor pius

Pusa hispida

W '09
S '09
W '09
S '09
S '07
W '08
W '08
S '08
W '09

Whole
Soft

Foot

W '08
S '08
W '09
S '09
S '07
W '09
W '09
S '09
S '07
W '08
S '08
S '09
W '10

Plasma

Liver

Muscle

Liver

3
1
4

10

5
5
5
2

10

8
17
7

1
6

9
8
3
4

7
6

5

3

-19.8+0.3
-20.9
-16.8 +0.6
-16.1+0.4

a

a
a

-19.2+ 0.3

-17.9+0.8
-16.8 +0.7
-17.3+0.6
-16.1+0.2

-17.4+0.3

-17+0.3
-17.3+0.2
-17.9+1.3

-17.6

-17.9+0.3

-18.4+0.6
-19.4+0.3

-18+0

-18.3+0.2

-18.2+0.2
-18.4+0.4

-19+0.3

i
a
a
a

va
]

ay
aw

ErTRRTS

96+02 b 09+01 21+0.1
8.5 - 130 2000
93+06 a 0.0+0.2.0+0.2
86+03 a 00+0.1 20k
a 154+1 a 1.3+0 4.0%03
16.6+14 a 09+02 42+04
16+0.9 Y& 05+02 4+0.3
12.9+06 ¥b 06+0.1 3.3%0.2
16.2+0.8 - 03+0.1 420
17.2+0.7 a 07+0.1 43%0.2
17.1+0.7 a 08+0.1 4.6+0.2
16.9+0.7 a 07+01 4.2%0.2
16.9+0.9 a 1.0+04 45%0.3
16.7 - 0.9 4.4
156 £0.2 - 08+0.1 38.%
148+05 @ 09+02 3.6+0.2
13.7+05 @ 1.2+01 3.6+0.1
146+04 a® 09+01 38+0.1
16.9+06 @ 1.0+01 4.2+0.2
152+0.7 ® 1001 402
147+08 ® 1.0+01 3.8+0.2
16.4+12 a® 12+02 41%04

51+1.8
44+0.9
44+0.1

266.1 +20.8

286.8 +27.3
266.2 +30.7
2924 +17
53
57.5+5.7
20.8+1.4
21.2+1.7
109.7 £ 3.5
104.3+16.8
111.8+15.1

116.8 +14.9

Results from Welch's t tests and ANOVA:F, ;5=18.62,P<0.001,% t= -3.126, df=5.3P<0.03,¥ F;37~3.449,P<0.03,4 t=4.104, df=12.41P<0.002 #
F4257.055,P<0.001,8 F,1,=26.64,P<0.0001), X t=6.375, df=6.76P<0.001,n t=4.578, df=14.95P<0.001,® F,,~7.038,P<0.001; Relative values
of TP were calculated usind. eideri as a baseline, arM. eideri andC. granulata were used as the two endpoints in a two-sourcénmixodel to

calculate values da (see text for details)
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Table S6.2. Mean * SD of indicator fatty acids (med as relative proportions, %) from Cumberlandr&l species sampled during

summer (S, August) and winter (W, April) of 2007120

g:JOnuth;onal Species Tissue Date n 16:1n-7 18:1n-9 20:1n-9 20:4n-6 20:5n-3  22:6n-3
Basa POM Whole 1 15.E 5.1 0.€ 0.4 12.7 8.E
Fucus sp Leaf S'0¢ 3  1.941 10.3#8.¢ 0.7+0.f 09.9+3.¢ 8.4+  0.5:0.
Ice PON Whole W'0g 1 6. 12.€ 10.7 1.2 3.7 3.1
Zooplankton
Herbivorot Calanus hyperboreus Whole S 07 5 16.6+1.0 2.4+£0.¢ 10.5+2.« 0.2+0.1 16.942.2 9.310.€
W'08 2 229407 5.9+ 17.3x1.¢ 0.1+ 10.7¢#] 8.4%0.
S'0¢ 5 17.3x0. 3.9#0.0 11.3+0.¢ 0.2:+C 20.8+0.; 8.9%]
W'0S 5 17.8#0.7 7.6#4 16.1#3. 0.2¢C 12.6+1. 10.5:0.¢
Mysis sp Whole W'0g 1 18.€ 9. 3. 0.4 24.4 8.
S'0¢ 5 3.841.2 9.6£0.% 1.620.0 1.24¢0.] 23.9+0.. 24.1+1.
Bentho:
o/CIs gg";’h'p‘)ds@”'sm‘s Whole S'08 5 12.6+1.7 242465 8.4%63 1.00.3 +83 9.9+2.3
W'0S 5 9.4#0. 20.1#2.( 16.1#2.. 0.7+0.. 6.0#1  4.620.¢
Buccinum cyaneum Foot S'08 7 1.1#0.3 4.130.3 1.4#05 4.620.9 29.65+29.6+1.3
wos 1 1. 7.€ 6.€ 2.E 23.7 8.2
Consume
Somniosus Plasma W'08 12 4.3%1 153#2.1 16.4#3.4 2.4+0.7 +Ba 10.6+2.1
microcephalus
S'0¢ 8 45+1.¢ 16.1+l.¢ 16.9+2. 2+0.F 8.1+l 11.3%
W'0S 17 3.6%1.] 1511 1624  3+0.C 10.7+1.( 12.7#2.
S'09 7 4.9+25 15+1.9 14.6+2.1 2.5z0.8 10.2+1.1.3#B1
Amblyraja hyperborea Liver S'07 1 10.3 12.3 13.1 0.9 9 10.5
W'0S 12 10.1#0.¢ 13.8+1.; 159+1. 00  7+1.5 13.8+1.
Myoxocephalus scorpius  Muscle W '0S8 10 3.8+2.2 8.4+2.] 4.6£1.t 2.91+0.7 20.1+3.« 25.8%f
S'0¢ 8 4.6:0F 7.1#0.6 2.3x0.¢ 2.0+0.. 17.8+0.( 26.4+2.
Pusa hispida Blubber S'07 2 19.3:x0.1 17.1#85 9.7+2.7 0.3#0.1 .3+  9.5:0.2
W'08 3 19.2#0. 13.4#1.0 12.9+2. 0.32C 10.3] 9.1#0.]
S'0¢ 6 22457 19#2.7 7.1#3.1 0.5#0. 8.9+2: 9.5+1¢

1. Data from Stevens et al. 2004 (southeast NorkeYWPolyna, sampled during Autumn 1999
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Table S6.3. Previously reported changes in carbarces between summer and winter.

POC type Trend in summer Trend in winter ID Reference
Total POC
10.5 +9.3 mmol C fd™ in summer, open water 2.9 +5.3 mmol@ii in spring under 1 Moran et al. 2005
ice
high in summer (150-300 mg C*afi%) lower in winter (30 -70 mg C fu™) 2 Olii et al 2002
highest POC flux ~100 mg Cfd™* June and July Ilowest POC flux <20 mg Gdn 3 Juul-Pedersen et al.
April 2010
more similar between summer and winter than other sligh['zly higher in Feb. - April than Lalande et al. 2009
locations summer and dominated by re- 3
suspended material
higher in summer (dominated by autochthonous piaiu  lower in winter, dominated by re- Lalande et al. 2009
and river input) suspended material 3
higher in summer (dominated by autochthonous piaiu  lower in winter, dominated by re- Lalande et al. 2009
and river input) suspended material 4
maximum of ~7 g C fiin August low, ~1 g C fhduring fall and 5 Atkinson and
winter Wacasey 1987
highest value in June lower but remained stable in winter Juul-Pedersen et al.
through spring > 2008
highest in July (dominated by autochthonous prtdog low in winter 5 Lalande et al. 2009
increased between spring and summer decreasetjduiriter 5 Sampei et al. 2004
highest in summer lowest in winter 6 Bauerfind et al. 1997
234-405ug C I* 150-572ug C I 6 Werner 2006
Phytoplankton
highest in May/June and August/September low imt@vi 2 Bauerfind et al. 2009
Chl a 50% of total POC Chl a negligible 2 Oliie et al 2002
Chl a flux increasing to 0.25-0.4 mg CTi*May to June  Chl a flux <0.1 mg C rifd™ in Feb.- 2 Renaud et al. 2007
March and 0.15 in April
phaeopigments arhl a in top 9cm of sediments similar from January yJul 2 Renaud et al. 2007
phytoplankton biomass higher in June/July loweviarch 2 Wassmann et al.
2006
density of cells 99% higher in summer than in afint very low density (<10 cells¥) 2 Weslawski 191
protist cells dominated flux in July - August psbtcells minimal in winter 3 Forest et al. 2008
Chl a flux ~0.7 mg C rifd™ June ~0.0 mg C fid™* March 3 Juul-Pedersen et al.
2010
sedimenting cells peaked in July - August negleib winter 5 Hsaio 1987
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Chl a flux increased to 0.23 mg C~in May and 2.0 in  Chl a flux low, 0.01 mg C md™ Juul-Pedersen et al.

June 2008
increased flux in May to June and from August to negligible from October to April 5 Sampei et al. 2002
September
maximum phytoplankton carbon flux in May/June lowest in winter Sampei et al. 2004
(contributed 21% to total POC flux over two years) 5
Chl a>200 mg C rif in July and August negligible in March 5 Welch et al. 1992
phytoplankton biomass highest in July/August mespnt in winter 6 Rysgaard et al. 1999
Fecal pellets
up to 260 mg C fd™ but variable among locations <1 mg & oi* 2 Oliie et al 2002
vertical flux ~150 mg C fAd™ but retention was variable <3 mg C nf d* Riser et al. 2002
among locations (up to 96%) 2
flux highest in July-August and pellets were negichded fecal pellets were predominantly Forest et al. 2008
degraded 3
two large fluxes: one in spring and one in fall nimum in winter 5 Sampei et al. 2002
maximum flux July to September (contributed 1%at@l minimum in winter Sampei et al. 2004
POC over two years) >
Calanus glacialis produced 0.6 fecal pellets ifia* in late 0 fecal pellets in early March 3 Seuthe et al. 2007
Ma
C. hy)p/)erboreus produced 0.35 fecal pellets it in late 0 fecal pellets in early March 3 Seuthe et al. 2007
Ma
Metri)(ljialonga produced 1.1 fecal pellets ifia* in late 0 fecal pellets in early March 3 Seuthe et al. 2007
May
Macroalgae Macroalgae detritus thought to provideahle food source to consumers all year 3 Dunton and schell
1987
Detritus Detrital flux lowest in summer (July-Audus Detrital flux high in winter (high all 3 Forest et al. 2008

year except July-August)

Shelf ID (from Carmack and Wassmann 2006): 1. BRg@hukchi Sea (shallow inflow shelf ) 2. Barenta $ageep inflow shelf) 3. Beaufort Sea
(narrow interior shelf) 4. Kara/Laptev/Siberian Séaide interior shelf) 5. Canadian archipelagawuek outflow shelf) 6. East Greenland
(longitudinal outflow)
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Table S6.4. Changes in abundance or biomass besueemer and winter in arctic zooplankton (Zoo),thea (Ben) and upper trophic

level fish, marine mammal and seabird consumera)(3pecies diet or feeding mode is reported (kbikiere, O: omniovore, C:

carnivore, DF/FF: deposit/filter feeder, O/C/S: dawanous, carnivorous and/or scavenging). Changeoateggorized as higher in summer

(1), higher in winter (2) or no change (3).

Organism Diet (F;l#(r)]up Summer Winter Change Taxon lSE?eIf Reference

Calanusfinmarchicus H Z0oo <5 gdwm-2 8.7 g dw m-2 2 Copepoda 2 Soretad. 2008

C. glacialis H Zoo peaked in June (1750 ind m lowest in Nov.-Jan. 1 Copepoda 1 Ashjian et al. 2003
2 (<250ind rr?)

C. glacialis H Zoo higher biomass in summer lower in winter 1 Copepoda 2 Soreide et al. 2003

C. glacialis H Zoo  30.6 g dw rif <5 g dw n? 1 Copepoda 2 Soreide et al. 2008

C. glacialis H Zoo  >30,000 ind rif <1000 ind rif 1 Copepoda 2 Soreide et al. 2010

C. glacialis H Zoo 5 g C n¥ August 4 g C M January Copepoda 3 Forest et al. 2011

C. glacialis H Zoo August 1964 mg i April 201 mg n? 1 Copepoda 5 Grainger 1971

C. glacialis H Zoo biomass typically higher in summer than winter but 1 Copepoda 5 Michel et al. 2006
interannual variability high

C. glacialis H Zoo August 0.130 g April 0.100 g n? 3 Copepoda 5 Conover and Siferd

199:

C. hyperboreus H Zoo abundance peaked in April lowest in Nov-Feb 1 Copepoda 1 Ashijian et al. 2003
with high numbers of C (<3000 ind r?)

C. hyperboreus H Zoo 9.5 g C nf August 7.5 g C fAJanuary Copepoda 3 Forest et al. 2011

C. hyperboreus H Zoo biomass typically higher in summer than winter but 1 Copepoda 5 Michel et al. 2006
interannual varjabilitv hia _ _

C. hyperboreus H Zoo August 0.706 g 1 April 0.304 g nt 1 Copepoda 5 Conover and Siferd

199:

C. hyperboreus, C. H Zoo  August9gdw i April 2 g dw n¥ 1 Copepoda 3 Forest et al. 2008

glacialis, C. pacificus,

Metridia longa

cirripede nauplii H Zoo  August 3885 mg April 0 mg m? 1 Copepoda 5 Grainger 1971

copepod nauplii H Zoo August 1161 mg A April 2 mg m? 1 Copepoda 5 Grainger 1971

copepoda nauplii H Zoo 38.2% of total abundance 70.4%of total abundance Copepoda 4 Abramova and

Tuschling 2005
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Metridia longa nauplii

Microcalanus

pygmaeus naupulii
Acartia

A. longiremis

A. longiremis
Drepanopus bungei
Harpacticoida
Harpacticoida nauplii
Limnocal anus

macr ur us

Metridia longa

M. longa
M. longa

M. longa

Microcalanus
pygmaeus

M. pygmaeus
Oithona similis
O. similis

O. similis

O. similis naupulii

Pseudocal anus
acuspes

P. acuspes

T

O O OO O O O O 0O 0O oo T

O O O O O O

o

Z00

Z00

Z00
Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00
Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

peaked in Aug-Sept (1700- lowest in Dec-Apr (<100 1

2200 ind nf) ind m?)

abundance 0 ind Fin peaked in March (64,000 2
Augus ind n?)

August 49 mg M April 12 mg m? 1

(stage VI) June 95 (*1000  April (stage VI) 1235 2
mam*) (*1000mam™)

8.9% of total abundance 3.1%of total abundance 1

14.8% of total abundance 17.3% of total abundance 2

0.3% of total abundance 0.7%of total abundance 3

June (16,018*1000 ind M  April 12 (*1000 indn?®) 1

6.3% of total abundance 0%of total abundance 1
peaked in June (30,000 ind lowest in Jul.-Dec. 1

m?) (<2500 ind 2
1.8 g C nf August 1 g C M January 1

biomass typically higher in summer than winter but 1

interannual variability hig
August 0.002 g A April 0.035 g n? 2
40,000 ind rf in August peaked in March 2

(140,000 ind rif)

0.9% of total abundance 1.4%of total abundance 2

25,000 ind rif in August peakedzin March (90,0002
ind )
high in Sept., peak in Nov. lower in Jan. - April 1

6.8% of total abundance 1.6%o0f total abundance 1

abundance peaked in July low in Dec. - Jan. 1
325,000 ind (<25,000 ind r?)
high in May - July and in lower in Jan. - April 1

Nov.

biomass typically higher in summer than winter but 1
interannual variability hia

Copepoda 1

Copepoda 1

Copepoda
Copepoda

pefoda
Copepoda
pefoda
Copepoda
[0 4
Copepoda 1

A P wom

w P

Copepoda 3
Copepoda 5

Copepoda 5
Copepoda 1

pefoda 4
Copepoda 1
Copepoda 2

pe@oda 4
Copepoda 1

Copepoda 2

Copepoda 5

Ashjian et al. 2003

Ashijian et al. 2003

Grainger 1971

Horner and Murphy

198¢
Abramova and

Tuschlina 200
Abramova and

Tusclling 200&
Abramova and

Tuschlina 200
Horner and Murphy

198t
Abramova and

Tuschlina 200
Ashijian et al. 2003

Forest et al. 2011
Michel et al. 2006

Conover and Siferd

199:
Ashjian et al. 2003

Abramova and
Tuschling 200
Ashjian et al. 2003

Lischka and Hagen
200t
Abramova and

Tuschlina 200
Ashijian et al. 2003

Lischka and Hage
2005

Michel et al. 2006
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P. acuspes

P. major

P. minutus
Pseudocal anus sp.

Pseudocal anus sp.
Triconia borealis

Sagitta el egans
Aeginoposis laurentii

Aglantha digitale
Beroe cucumis
Euphysa flammea

Halitholus cirratus

Mertensia ovum
Pleurobrachia pileus

Apherusa glacialis

A. glacialis

Axinopsida orbiculata

A. orbiculata
Cylichna occulta

Macoma calcarea

Apistobranchus
tullbergi
Capitella capitata

C. capitata

oo O oo oo 00 O O o o

DF/FF
DF/FF
DF/FF

DF/FF
DF/FF

DF/FF
DF/FF

DF/FF

DF/FF

Z00

Z00

Z00

Z00

Z00
Z00

Z00
Z00

Z00
Z00
Z00

Z00

Z00
Z00

Ben

Ben

Ben

Ben
Ben

Ben
Ben

Ben

Ben

August 0.132 g m-2 April 0.782 g m-2

9.9% of total abundance 2.2%of total abundance

higher in August and Sept. lower in Jan. - April

(CV) June (20,260 *1000  April (CV) 26,561
(*1000 ind n3)
April 1070 mg nf

2.2%of total abundance

August 7131 mg ih
0.6% of total abundance

lower in summer
June 383 (*1000 ind 1)

higher in winter
ril 173 (*1000 ind m

lower in winter
lower in winter

April 796 (*1000 ind m
3

higher in summer
higher in summer

June 261 (*1000 ind )
)
June 87 (*1000 ind m-3) April 91 (*1000 indn

1.17 mg dw in summer
June 87 (*1000 ind i)

0.63 mg dw winter

April 91 (*1000 ind n7)
hihge)r in summer (6.5 ind Iowe_zzr) in winter (2.1 ind
June 267 (*1000 ind 1) April 23 (*1000 ind i)
August (7.4 ind i) November 133 ind

winter 342 ind rif
November 148 ind i

N

summer 97 ind i
April (178) August (14.8

N

winter 129 ind rif
winter 4,840 ind M

summer 702 ind ih
summer 1,844 ind i

N -

August (393 ind i) November 122 ind

summer 884 ind ih winter 182 ind rif

Copepoda

pe@oda
Copepoda
Copepoda

Copepoda
pefoada

Cheatognath

Cnidaria

Cnidaria
Cnidaria

Cnidaria

Cnidaria

Ctenophor®
Ctenophora

Amphipoda
Amphipoda

Mollusca

Mollusca
Mollusca

Mollusca

Polychaeta

Polychaeta

Polychaeta

N

ond@ver and Siferd
199:

Abramova and
Tuschling 200

Lischka and Hagen
200t

Horner and Murphy
198t

Grainger 1971

Abramova and
Tuschlina 200
refdle et al 2003
Horner and Murphy
198¢
Sdecet al. 2003
Sdeeét al. 2003

Horner and Murphy
198t
Horner and Murphy

198¢
Welch et al. 1992

Horner and Murphy

198¢
Werner and Auel

200¢
Horner and Murphy

198¢
Pawlowska et al.

2011
Kedra et al. 2010

Pawlowska et al.
2011
Kedra et al. 2010

Kedra et al. 2010

Pawlowska et al.
2011

Kedra et al. 2010




Chaetozone setosa

Chone
paucibranchiata
Cirratulidae

Cossura longocirrata
Heteromastus
Leitoscoloplos
Lysippe labiata
Paraonella nordica
polychaete larvae

polychaete larvae
Anonyx nugax

A. sars

Gammarus spp.

G. wilkitzkii
Halirages mixtus
Onisimus edwar dsi
O. littoralis

O. littoralis
Onisimus spp.
Orchomene minuta
Eualus gaimar dii

Hyas araneus

DF/FF

DF/FF

DF/FF
DF/FF
DF/FF
DF/FF
DF/FF
DF/FF
DF/FF

DF/FF
0/CIS

O/CIS

o/C/Is

OICIS

o/CIs
O/CIS
o/CIs
O/CIS
OICIS

o/CIs
O/CIS
o/C/Is

Ben

Ben

Ben
Ben
Ben
Ben
Ben
Ben
Ben

Ben
Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

highest in April after
phytoplankton bloom
(711.1 ind rf)

summer 613 ind ih

summer 2,591 ind th
April (496 ind m?)
August (15 ind 1)
summer 1,849 ind th
summer 938 ind i
summer 2,489 ind th
June 1396 (*1000 ind

August 404 mg/m
Jun-Aug %frequency=69

Jun-Aug %frequency=94

Jun-Aug %frequency=6

November 200.0indin 1
winter 4 ind nf 1
winter 3,067 ind M 3
November 230 ind i 1
November 119 ind i 2
winter 342 ind rif 1
winter 449 ind rif 1
winter 62.2 ind % 1
April 81 (1000 ind n?) 1
April 164 mg n? 1
Nov-Feb %frequency=52
Nov-Feb 3
%frequency=100
Nov-Feb %frequency=19
3

similar in both summer and winter (2.0 and 1.5nmg

respectively)
June 2084 (*1000 ind )

Jun-Aug %frequency=69
Jun-Aug %frequency=50
June 1456 (*1000 ind 1)

low in both seasons
Jun-Aug %frequency=38
Jun-Aug %frequency=6

Jun-Aug %frequency=0

April 947 (*1000ind m 1
3
)

Nov-Feb %frequency=62

Nov-Feb %frequency=33

April 912 (*1000ind ni¥) 1

Nov-Feb %frequency=43 3

Nov-Feb %frequency=0

Nov-Feb %frequency=14 2

3

1

Polychaeta 2

Polychaeta 2

Polychaeta
Polychaeta
Polychaeta
Polychaeta
Polychaeta
Polychaeta
Polychaeta

W NDNNNDNDDN

Polychaeta 5
Amppta 2

Amphipoda 2

Amptipp 2

Amphipoda 2

Amphipoda 3
Ampptda 2
Ampptia 2

Amphipoda 3

Amphipoda
Ampptia 2
Decapod 2

Dedapo 2

Pawlowska et al.
2011

Kedra et al. 2010

Kedra et al. 2010
Pawlowska et al.
" Pawlowska et al.
Kedra et al. 2010
Kedra et al. 2010
Kedra et al. 2010

Horner and Murphy

1985
Grainger 1971

Weslawski 1991

Weslawski 1991

Weslawski 1991

Werner and Auel
2005

Horner and Murphy

198¢
Weslawski 1991

Weslawski 1991
Horner and Murphy

198t
Werner and Auel

2005
Weslawski 1991

Weslawski 1991

Weslawski 1991
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Pagurus pubescens O/C/S Ben  JunAug %frequency=0 Nov-Feb 2 Decapod 2 Weslawski 1991
%frequency=0.

Nemertea O/C/S Ben  summer 13ind i winter 351 ind i 2 Polychaet 2 Kedra et al. 2010
Fulmarus glacialis C Con  preser 1-10% of summer 1 Aves 2 Weslawski 1991
populatior
Pagophila eburnea C Con 117 counte in Aug-Sept 0 in April 1 Aves 5 Karnovsky et al.
2009
P. eburnea C Con 52 counted in Au-Sept 0 in April 1 Aves 5 Karnovsky et al.
2009
Rissa tridactyla C Con preser 1-10% of summer 1 Aves 2 Weslawski 1991
population
Somateria mollissima C Con preser 1-10% of summer 1 Aves 2 Weslawski 1991
populatior
Mallotus villosus C Con preser not present 1 Teleoste 2 Weslawski 1991
Salvelinus alpinus C Con preser not present 1 Teleoste 2 Weslawski 1991

Shelf ID (from Carmack and Wassmann 2006): 1. Bg@hukchi Sea (shallow inflow shelf ) 2. Barents $eeep inflow shelf) 3. Beaufort Se
(narrow interior shelf) 4. Kara/Laptev/Siberian S¢aide interior shelf) 5. Canadian archipelagdwmek outflow shelf) € East Greenlan
(longitudinal outflow)
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Table S6.5. Changes in diet between summer angmontarctic zooplankton (Zoo), benthos (Ben) apdeaun trophic level fish, marine

mammal and seabird consumers (Con). Putative dfeeding mode is reported (H: herbivore, O: ompiey C: carnivore, DF/FF:

deposit/filter feeder, O/C/S: omnivorous, carniwss@nd/or scavenging). Change in diet was catezpbeig a switch from feeding in

summer to reliance on internal reserves in wirtgrgwitch to a higher trophic position in wint@j,(switch to a greater reliance on

benthic/macroalgae-derived carbon in winter (@change (4).

Fun.

Species Diet Group Summer Winter Bang Taxon ID Reference
C. finmarchicus H Zoo feeding on phytoplankton overwmterlnlgpio(ljréven by stored 1 Calanoida * Hopll<gl8$ 4et al.
C. finmar chicus
H Zoo 313C=-22.8+0.3915N=7.2 -22.4+0.8915N=7.9 1 Calanoida 2 Sato et al. 2002
C. finmar chicus _ _ .
H 200 313C=-23.8+1.9, 313C=-20.0+£0.4, andl5N 1 Calanoida 5 Soreide et al.
315N=7.4+0.4 9.7+0.3 2006
C. finmarchicus Sargent and
H Z00 feeds on phytoplankton overwinters relyindipids 1 Calanoida *  Falk-Petersen
1988
C. finmarchicus rimarilv herbivorous in likely in diapause, might have Soreide et al
H Z00 P y been opportunistically feeding 1 Calanoida 2 '
August/summer ; 2009
in December
C. glacialis H Zoo May CVI315N=8.1 January CVd15N=9.5 1 Calanoida 2 Sato et al. 2002
C. glacidlis Soreide et al
H Zoo 813C -23.6+0.2615N 7.1+0.3  $13C -21.7+0.7915N 9.7+0.2 1 Calanoida 2006 '
- likely in diapause (not feeding)
C. glacialis L . . - .
H 200 primarily omnivorous in bu'g some opportunistically Calanoida 5 Soreide et al.
August/summer feeding in December based on 2009
d15N
C. glacialis
H Zoo 313C=-24.10p15N=12.41 813C=-21.57p15N=10.92 1 Calanoida 3 Forestetal. 2011
513C=-23.0%0.2, _ _ . Soreide et al.
C. hyperboreus H Z00 515N=7.5+0.4 613C=-21.940.8015N=9.3+0.2 1 Calanoida 2006
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C. hyperboreus

C. hyperboreus

C. hyperboreus

Metridia longa

M. longa

M. longa
Pseudocal anus
minutus

Thysanoessa
raschii

T. raschii

Thysanoessa
inermis

T.inermis

T.inermis

Mysislitoralis

Paraeuchaeta
norvegica

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

primarily herbivorous in

did not feed based ari5N
August/summer

813C=-23.47p15N=11.23 §13C=-21.59515N=7.94

phytoplankton diet in summer overwintering driven by stored
lipids
likely takes non-phytoplankton

food in winter
CVI515N=9.6

feeding on phytoplankton
CVI315N=8.2

feeds on phytoplankton feeds on Calanus amfsep

ate flagellate/dinoflagellate diet . L
: omnivorous in winter

in summer

feeding on phytoplankton likely takes r;on phytoplankton

ood

likely takes non phytoplankton

food (e.g. small copepods) in
winter

feeding on phytoplankton

likely takes non phytoplankton
food (e.g. small copepods) in
winter

feeding on phytoplankton

overwintering and gonad
maturation driven by lipids
stored during spring/summer

515N=8.2+0.6 (size 10- 613C=-21.940.2515N=9.440.1
(size 17-19mm)
19mm)

813C=-21.2+0.3 (29% reliance 3513C=-19.4+0.3 (48% reliance
on macroalgae) on macroalgae)

_ _ $13C=-20.7+0.7,
$13C=-20.6515N=9.8 SLEN=10.540.3

feeding on phytoplankton

613C=-21.6+0.3,

Calanoida

Calanoida

Calanoida

Calanoida

Calanoida

Calanoida

Calanoida

Euphausiacea

Euphausiacea

Euphausiacea

Euphausiacea

Euphausiacea

Mysida

Calanoida

3

2

Soreide et al.
2009

Forest et al. 2011

Lee 1974

Hopkins et al.
1984

Sato et al. 2002

Sargent and
Falk-Petersen
1988
Lischka and
Hagen 2007
Hopkins et al.
1984
Sargent and
Falk-Petersen
1981& Falk-
Petersen et al.
1981
Sargent and
Falk-Petersen
1981& Falk-
Petersen et al.
1981

Hopkins et al.
1984

Soreide et al
2006

Dunton and

Schell 1987

Soreide et al.
2006
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Sagitta elegans

Aglantha
digitale

Lucernaria
infundibulum

Beroe cucumis

Mertensia ovum

Thysanoessa
libellula

T. longicaudata

Meganyctiphan
€es norvegica

Apherusa
glacialis
Ctenodiscus
crispatus
Ophiacantha
bidentata
Ophiopholis
aculeata
Ophiopholis
sars
Strongyl ocentro
tus sp.
Macoma
clcarea

Nucula belloti

Nuculana
radiata

Polyplacophora

o o o o o o O

DF/FF

DF/FF

DF/FF

DF/FF

DF/FF

DF/FF

DF/FF

DF/FF

DF/FF

DF/FF

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Z00

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

813C=-19.3+0.8,
615N=11.9+0.2
813C=-21.0+0.4,
615N=10.4+0.1

613C=-20.5

813C=-20.9+0.5615N
11.2+0.2

613C=-23.0+0.6,
015N=9.7+0.4

813C=-22.7+0.3,
615N=10.7+0.2

813C=-20.840.5,
815N=9.2+0.1

§13C=-20.8+0.3,
615N=12.2+0.1

§13C=-19.7+0.6915N=9.6+0.4

813C=-19.0+0.8 (increased
reliance of prey on macroalgae)
813C=-20.840.3,
815N=10.340.3

§13C=-23.2+0.8915N 8.2+0.2
613C=-22.8+0.7p15N=9.8+0.5

613C=-22.1+0.3p15N=9.2+0.2

accumulates lipids all year likely feedingaupepods

ice algae during productive
period
813C=-18.410.2,
815N=11.2+0.9

613C=-18.0915N=15.1

613C=-18.3+0.3,
515N=8.6+0.4

813C=-19.3515N=8.0

813C=-17.9515N=9.9

internal reserves
613C=-17.8515N=11.4
613C=-17.8515N=12.8
813C=-17.4515N=11.9
813C=-19.1+0.2515N=9.6+0.3

§13C=-16.8+0.3915N=9.5+0.5

consumed similar foods that did not varguality

consumed similar foods that did not vary in quality

consumed similar foods that did not vary in quality

613C=-17.5p15N=10.1

613C=-17.8515N=10.6

4

4

3

4

4

4

4

4

4

4

Chaetognatha

Cnidaria
Cnidaria
Ctenophora
Ctenophora
Euphausiacea

Euphausiacea

Euphausiacea

Amphipoda
Echinodermata
Echinodermata
Echinodermata
Echinodermata
Echinodermata

Mollusca

Mollusca

Mollusca

Mollusca

2

2

3

2

2

2

2

2

2

Soreide et al
2006
Soreide et al
2006
Dunton and
Schell 1987
Soreide et al
2006
Soreide et al
2006
Soreide et al
2006
Soreide et al
2006
Sargent and
Falk-Petersen
1981& Falk-
Petersen et al.
1981

Werner and Auel

2005
Renaud et al.
2011
Renaud et al.
2011
Renaud et al.
2011
Renaud et al.
2011
Renaud et al.
2011
Lovvorn et al.
2005

Lovvorn et al.
2005

Lovvorn et al.
2005

Renaud et al.
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Flabelligera
affinis

Ophelina
acuminata

Anonyx nugax
A. sars

A. sars

Arrhis
phyllonyx

Gammarus
wilkitzkii

Hyperia galba

Onisimus affinis

Onisimus
caricus
Onisimus
edwardsi
Onisimus
glacialis
Onisimus
litoralis
Onisimus
nanseni
Onisimus
similus
Paroediceros
lynceus
Pontoporeia
femorata
Themisto
libellula
Pandalus
borealis

DF/FF

DF/FF

O/C/IS

O/IC/Is

O/CIS

O/C/IS

O/CIS

O/ICIS

OICIS

OICIS

O/IC/IS

OICIS

O/CIS

O/IC/IS

O/CIS

O/IC/IS

O/CIS

O/CIS

O/IC/Is

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

Ben

613C=-20.8
613C=-18.8515N=9.2
613C=-22.26$15N=11.10
613C=-22.2
813C=-20.3515N=9.65

613C=-20.85615N=10.44

ice algae during productive
period
313C=-21.2+0.4,
815N=9.9+0.5

613C=-19 (increased reliance on

macroalgae)
513C=-19.2515N=9.0

613C=-21.58$15N=10.51

813C=-20.2+0.1 (increased
reliance onmacroalgae)

§13C=-20.62p15N=10.37

613C=-20.32$15N=10.07

ice fauna and zooplankton
(some internal reserves)
313C=-22.4+0.2,
815N=10.5+0.2

similar protein, lipid and carbohydrate in Augustidebruary,
suggests no lipid accumulation and constant feealingear

§13C=-22.14515N=10.86

613C=-21.10515N=8.84+1.83

herbivory (algae)

diatoms in June

similar diet in both seasons - opportim@ zooplankton, etc.

813C=-21.97p15N=10.86
313C=-20.9515N=9.27
carnivory (e.g. zoogtan)

crustaceans in April

year round omnivorous/carnivorous feeding on
flagellates/dinoflagellates

generally similar fatty acid profiles ithgr summer and winter

generally similar fatty acid profiles itigr summer and winter

813C=-22.7+40.1,
015N=8.7+0.2

813C=-19.2+0.4,
815N=12.5+0.4

§13C=-22.8+0.7$15N=9.8+0.5

§13C=-19.1+0.1,
815N=12.0+0.9

3

4

4

Polychaeta
Polychaeta
Amphipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda
pAipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda
Amphipoda

Decapoda

2011

Dunton and
Schell 1987
Renaud et al.
2011
Legenzynska et
al. 2012
Dunton and
Schell 1987
Legenzynska et
al. 2012
Legenzynska et
al. 2012
Werner and Auel
2005
Soreide et al
2006

5 Percy 1979

Legenzynska et
al. 2012
Legenzynska et
al. 2012
Werner and Auel
2005
Cary and
Boudrias 1987
2Werner and Auel
2005
Lischka and
Hagen 2007
Legenzynska et
al. 2012
Legenzynska et
al. 2012
Soreide et al.
2006
Renaud et al.
2011

3

2

2

3

2

2

2

2

2

2

2

2

2

2

2

2
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Clione limacina
Eubranchus sp.
Eunoe oer stedi

Lumbrineris sp.

Nephtys sp.

Gadus morhua

Boreogadus
saida

Gymnocanthus
tricuspis

Myoxocephal us
scorpius

Allealle

A alle

A alle

Fulmarus
glacialis

Rissa tridactlya

Somateria
mollissima
Urialomvia

Cystophora
cristata

Monodon
monodon

Phoca
groenlandica

Pusa hispida

O/IC/IS
O/ICIS
O/IC/IS
O/C/Is

O/CIS

O o O

@)

O o o o o o o O O O

Ben

Ben

Ben

Ben

Ben

Con

Con

Con

Con

Con

Con

Con

Con

Con

Con

Con

Con

Con

Con

Con

813C=-22.8+0.6 and
615N=10.1+0.3

813C=-18.5

613C=-22.5+0.6015N=9.4+0.2
813C=-21.2+0.7

613C=-18.4p15N=13.1 613C=-18.1p15N=11.9

613C=-18.6p15N=10.8 613C=-18.2p15N=11.0

613C=-19.2+0.5,
015N=12.6+0.3

813C=-19.440.3,
815N=12.3+0.5

copepods, mysis

313C=-17.4+0.3,
015N=14.2+0.4
813C=-17.7+0.8,
615N=14.2+1.0
consumed herbivorous

613C=-18.9515N=12.0

§13C=-18.4+0.5,
815N=12.8+0.3

copepods, mysis, fish

313C=-18.2+0.7,
815N=14.3+0.9
813C=-17.840.8,
815N=14.2+0.7
switched to higher trophic level

copepods in spring and in fall feeding on amphipods
summer and fish
Calanus copepods in summerfeedmg at h|gher trophic level in
winter
Calanus copepods in summer likely feedlr\;\%nczgrcopepods n
cephalopods, polychaets, switch to higher tropihc position
crustaceans in winter

fed all year on carnivorous amphipods artd fis

_ _ 813C=-17.9+0.5,
813C=-18.7+0.3p15N=11+0.7 515N=10.9+0.8
fed all year on carnivorous

amphipods and fish

squid, polar cod squid, capelin

arctic cod, polar cod, squid Greenland hakima squid

Parathemisto added krill and capelin

rely heavily on pelagic prey consume berningy

4

Mollusca
Mollusca
Polychaeta
Polychaeta
Polychaeta

Teleostei
$edeo
Teleostei

Teleostei

Aves

Aves
Aves
Aves
Aves
Aves
Aves
Mammalia
Mammalia

Marranal

Mammalia

2

1

5

6
2

Soreide et al
2006
Dunton and
Schell 1987
Renaud et al.
2011
Renaud et al.
2011
Renaud et al.
2011
Renaud et al.
2011

Craig et al. 1982

Renaud et al.
2011

Renaud et al.
2011

Karnovsky et al.
2008

Fort et al. 2010

Fort et al. 2010

Mallory et al.
2010
Karnovsky et al.
2008
Renaud et al.
2011
Karnovsky et al.
2008

élaug et al. 2005

Laidre et al.
2005

Haug et al. 2005

Weslawski et al
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P. hispida
P. hispida
P. hispida
P. hispida
P. hispida

O o000

C

Con
Con
Con
Con
Con

invertebrates and fish
saffron cod
saffron cod and shrimp
shrimp
amphipods

fish
arctic cod
arctic cod
arctic cod
arctic cod

1994
Mammalia 5 8mA87

Mammalia 1 Lowry Q98
Mammalia 1 Lowry 1980

Mammalia 1 Lowry 1980

Mammalia 3 Lowry 1980

Shelf ID (from Carmack and Wassmann 2006): 1. Bg@hukchi Sea (shallow inflow shelf ) 2. Barentsa $#eep inflow shelf) 3. Beaufort Sea
(narrow interior shelf) 4. Kara/Laptev/Siberian Séaide interior shelf) 5. Canadian archipelagavmek outflow shelf) 6. East Greenland
(longitudinal outflow), * Balsfjorden, northern Neay
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Fig. S6.1. Mean + SD d**C ands™N (%.) for basal resources sampled from various

arctic regions (references indicated by numbers axis) during summer and winter.
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Resources: particulate organic matter (POM), POwitds (detritus), sedimenting particles (Sed.Part.
sediment, macroalgae; References (location): b &atl. 2002 (Svalbard), 2. Sgreide et al. 2008
(Svalbard), 3. Lovvorn et al. 2005 (Bering Sea),egenzynska et al. 2012 (Svalbard), 5. Baerfinal .et
1997 (east Greenland), 6. this study (eastern B&ffand)
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Fig. S6.2. Non metric multidimensional scaling penied on A. primary producers,
zooplankton and benthos and B. fish and marine maelrnamsumers sampled from

Cumberland Sound, Nunavut during summer (August)vaeinter (April).
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CHAPTER 7

GENERAL DISCUSSION
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FINDINGS

Theoretical and empirical studies have revealatirégsource variability (Polis
and Strong 1996; McCann and Rooney 2009), consaougling of these resources in
space (Rooney et al. 2006) and perhaps in timas(Bbal. 1996; McCann et al. 2005), as
well as intra-specific diet variability (i.e. inddual specialization (IS), Bolnick et al.
2003; Araujo et al. 2011), are common structuragah food webs (Fig. 1.1-1.3).

Beyond being common, however, these structureasaeciated with the ability of food
webs to persist through time by providing a ste@dpurce base to consumers (McCann
et al. 2005; Rooney et al. 2006) and decreasimg-sgecific competition at the level of
individuals (Bolnick et al. 2003; Svanbéck and Bckr2005). The goal of this
dissertation was to unite the current understandirenergy flow in arctic marine food
webs with recent predictions from theory by askishgpredicted structures (i.e. resource
coupling and individual specialization (IS), Figl1l.3) arise in systems that experience
high degrees of temporal environmental variabgityl abiotic-driven resource
fluctuation?

The findings of this dissertation contribute teesce in two broad areas: 1) by
identifying structures in arctic food webs that patentially important for their
persistence and 2) by revealing the ubiquity ofafegementioned structures in natural
systems. Arctic food webs were predicted to bectitired differently than previously
observed food webs due to lower diversity and besna arctic vs temperate, tropical
and Antarctic seas (Grebmeier and Barry 1991; blilad 2004; Piepenburg et al. 2011),
as well as the long separation between periodsimipy production with which arctic
animals must contend (Weslawski et al. 1991). Sigadly, arctic food webs were

predicted to exhibit: 1) low resource coupling jpase during the open-water period, due
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to the dominance of phytoplankton as a resourt®tio benthic and pelagic consumers
(Graeve et al. 1997; Sgreide et al. 2006; Renaatl 2011), 2) low individual
specialization, due to the expectation that akitsumers will feed as generalists
(MacArthur 1955; Rooney et al. 2006) and 3) low penal resource coupling between
summer and winter, due to the likelihood of constenfieeding on similar prey all year
and not switching their diet with season (Werneat Anel 2005; Legezynska et al. 2012).
Results of this dissertation both agree with andade from the above predictions.
However, in general, the arctic food webs studiext hwvere structured such that
resources varied asynchronously in space (Chaptardtime (Chapter 6) and that some,
but not all, consumers coupled these resourcesp(€ha and 6) through generalist
feeding behaviour (Chapter 5), which agrees widotatical predictions for Chapter 3
and 6 (i.e. Figs. 1.1 and 1.3). Conclusions drawthé present dissertation have several

implications, which are discussed below in lighttwgir contributions to science.

CONTRIBUTIONS TO SCIENCE
Food web ecology

Agreement between empirical observations and gtedipatterns in Chapter 3
indicates that the coupling of different resouricespace by consumers imparts a flexible
nature to food webs, and increases their persistéRooney et al. 2006). Further, the
recognition that not all consumers acted as spasalurce couplers, which has been
discussed previously in the literature (Aradjole@11; Matich et al. 2011), has special
relevance in the arctic given the nature of these-coupling' consumers. Species like
capelin and herring that did not couple phytoplankind macroalgae resource
compartments (Chapter 3), have already increasdresence in arctic seas and shifted
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arctic food webs towards more pelagic-dominated fdwains (Grebmeier et al. 2006). In
the context of food web theory, as food webs becmreasingly dominated by the ‘fast’
phytoplankton resource compartment, there willdss lof a 'slow' resource base (i.e.
benthic/detrital consuming prey) to support consisméhen seasonal phytoplankton
production ceases.

No arctic ecologist will be surprised by the engatiobservations summarized in
Chapter 6, notably that zooplankton have diffetanés of peak abundance and that
some consumers switch their diet between summewartdr. However, this is the first
time that these patterns have been 1) compiled &onwss the arctic, 2) investigated
across an entire food web in both benthic and peEgmals, and 3) united with
predictions from food web theory. The agreementvbeh observed patterns and
theoretical predication in Chapter 6 makes a ctieibyet unmade connection between
structure and potential function. Similar to thedoisions drawn for space (see
preceding paragraph), temporal resource asynclaodyoupling by consumers of this
resource variability through time are likely imypeont for the persistence of arctic food
webs. By viewing species in arctic food webs imiigf theirrole, with regards to acting
as a resource coupler or as a resource for upgaritrlevels (i.e. by viewing arctic food
webs through the lens of food web theory, Fig.,0AE has an increased ability to
interpret predicted changes associated with a weaytlimate (e.g. in species
composition or biomass) in regards to the potesfi@cts on food web persistence.
Intra-specific trait variation in seasonal environments

Individual specialization is being increasinglpogted in a variety of species

(Bolnick et al. 2003; Araujo et al. 2011), whicmsucounter to the notion that generalists
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are common and important in food webs (MacArthusStPolis and Strong 1996; Polis
et al. 1996). Based on results from Chapter 5, évengh high IS might be predicted in
Greenland sharks, due to potentially high intraegfzecompetition, the extent of IS was
variable through time and is therefore unlikelygmain high in Greenland sharks.
Findings of Chapter 5 indicate that Cumberland Sic@reenland sharks feed as
generalists, but are able to exploit a small subketsources for a given time, feeding as
'short term specialists' using the terminology ofrick et al. (2003). This result raises
the important considerations that studies shoulkensame attempt, not only to
document the extent of IS, but to categorize itsadlity through time. Chapter 5
contributed to science by answering several ofjtiestions raised by Bolnick et al.
(2003), including whether populations can be coredas both individual specialists and
individual generalists (this was the case in Graathlsharks) and whether IS varies or
remains constant through time (it did not in the&iand shark).

Results of Chapter 5 support the alternate hysuhfor this dissertation, that
observed patterns would deviate from theoreticadligtions (Fig. 1.2). Unfortunately,
data do not exist to quantify the strength of wgpacific competition in Cumberland
Sound Greenland sharks, and it cannot be rulethatitow intra-specific competition
gave rise to low IS (i.e. and that the theoretraliction should therefore have béew
IS). Regardless, Chapter 5 still provides importamttributions to science, notably by
indicating that populations of apparent generaligtés the Greenland shark, can be
composed of individual generalists and that ISy through time in an arctic

consumer. Clearly, there is a need to further addifee extent of IS in other arctic
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marine consumers, but results from Chapter 5 supiperconclusions of Chapters 3 and
6 that flexible feeding behaviour is likely an inmamt strategy for arctic consumers.
Application of stable isotopes and fatty acids

The combined application of stable isotopes ang &atids to explore consumer
feeding behaviour in the arctic is not new (Sgreidal. 2008; Falk-Petersen et al. 2000).
This dissertation, however, is the first attempapply both chemical tracers to test
hypotheses about arctic food web structure gergefeden recent theory (Rooney et al.
2006; Bolnick et al. 2011). Further, very few stglhave attempted to calculate trophic
positions of (fromd™N) or relative carbon source use by (fréffC) species sampled in
the winter using stable isotopes (but see Sgreidk 2008). Several challenges arise
when attempting the aforementioned task, includingampling appropriate baselines
during winter and 2) sampling appropriate tisswesapture a diet switch between
summer and winter if one exists. Choosing baselioethe open-water food web
(Chapter 3)C. hyperboreus and the limpetT. testudinalis), was straightforward because
these species were known to consume phytoplanBere{de et al. 2008) and
macroalgae (Fredriksen 2003), respectively. Fatitysawere useful for supporting these
designations due to high phytoplankton biomarkerg.(16:1n-7) in the former and
macroalgae biomarkers (e.g. 20:4n-6) in the |4@&apter 3). However, sampling
appropriate baselines was more difficult in thetetirbecaus€. hyperboreus does not
feed (Sgreide et al. 2008). The fact that the beffitter-feeding clam . eideri) had

significantly highe®™N in winter and that the deposit-feeding polychd€tegranulata)

had lowerd™*C (but not significantly so) indicates that thepecies were incorporating
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the signature of more degraded material in theewifthus, these species were
appropriate choices for winter baselines.

Another obvious challenge was whether or not tineaver time of stable isotopes
and fatty acids would be rapid enough to allowdbtection of a seasonal diet switch if
one existed (Chapter 6). To account for this iskagter turnover tissues like liver
(MacNeil et al. 2005) and plasma&ke€li et al. 2009) were sampled. However, it is
important to note that sampling different tissuesrf different consumers prevented
direct comparisons of calculated trophic positiand % reliance on pelagic carbon
between species (Chapter 6). The methodology eragloyChapter 6 will be useful for
future studies focused on investigating winter fegb structure.

In addition to overcoming challenges associatdt stable isotopes, this
dissertation provides two novel fatty acids data Heat explore: 1) the seasonal lipid
strategy ofC. hyperboreus over two consecutive years (Chapter 2) and 2) xtenéthat
dietary fatty acids are modified by a shark (ChagjeLipids are a hugely important
‘currency' in the arctic, and one that is threaddmewarming climates due to decreased
phytoplankton quality (Falk-Petersen et al. 200 he results of Chapter 2 revealed that
several fatty acids (e.g. 18:1n-9, 20:1n-9) werecoosistently depleted i@.
hyperboreus sampled during late winter vs. summer, suggestiagthese fatty acids may
actually be retained during the winter for othergmses. One intriguing possibility is that
MUFA like 18:1n-9 are important for membrane conepely (see discussion in Chapter
2). The data presented in Chapter 2 will be impartar future monitoring o€C.

hyperboreus and were important in the context of this dissentaby revealing how
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variable the seasonal cycle of fatty acids was fyear-to-year in this key herbivore from
Cumberland Sound.

Chapter 4 revealed that Greenland sharks accuenhilgher MUFA in their liver
than obtained in their prey, and subsequently,liat did in fact differ the most from
prey fatty acids, as predicted. This informatiowrigcial for future studies focused on
fatty acids in sharks and will increase the abitityesearchers to more accurately
interpret their fatty acid data. Further, resultsained in Chapter 4 were a necessary first
step to establish which fatty acid may be approgfier exploring individual-level
resource use by Greenland sharks (Chapter 5). Blyiag stable isotopes and fatty acids
to test predictions from theoretical work, andtiady fatty acid metabolism in a lower
and upper trophic level arctic consumer, contritmsiof this dissertation have both

theoretical and applied implications.

FUTURE WORK

Findings of this dissertation reveal that aratiod webs do exhibit food web
structures similar to those observed in tempena@@ments and predicted from
theoretical models (McCann et al. 2005; Rooney.&0(96), in spite of their low
diversity and high seasonality. Individual speeiation, when it did arise, was not stable
through time, such that Greenland sharks can bgidered generalists or only 'short term
specialists' (Bolnick et al. 2003). The next seiadd in detail about when and where
these structures differ among arctic areas, ansesutently, where the stabilizing
mechanisms of spatial and temporal coupling, atasahe extent of IS, could be
differentially important throughout the arctic. Hapng these unknowns will increase our
ability to link structure and function in a variaty ecosystems, and to better understand
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how systems will respond to change. | pose two tipueshere as directions for future

work.

1) What factors drive differencesin structure and the strength of different mechanisms
among arctic food webs?

Because arctic seas differ in their propertieg. (@enthic-pelagic coupling and
productivity, reviewed by Carmack and Wassmann 2008 important to now explore
in more detail: 1) when and where does the relathemgth of spatial and temporal
coupling, for food web persistence, vary amongi@ereas? and 2) what mechanisms
generate and maintain these structures? Quantifigggxtent of coupling by consumers
among different arctic seasons not studied hege $pring, fall) and in different arctic
areas would help answer these questions.

Intriguing insight into how the strength of spatesource coupling by consumers
may vary throughout the arctic is provided by wookiducted along gradients in the
Chukchi and Beaufort seas. Dunton et al. (2006hdahat consumers sampled in the
Chukchi Sea (including both zooplankton and benthesd carbon primarily of marine
origin (5*°C ranged from ~ -18 to -21%o), indicating tight Hentpelagic coupling,
whereas conspecifics from the Eastern BeauforuSed both terrestrial and marine
carbon §"C range ~ -18 to -26%o), indicating weaker benthétagic coupling. A similar
situation was indentified within the benthic comnti@s of the Anadyr Water (western
Chukchi Sea) and the Alaska Coastal Water (eaSleakchi Sea) (lken et al. 2010).
Higher benthic-pelagic coupling was concluded tounén the more productive Anadyr

Water (benthic consumed&®C range=4.6%.) than in the less productive, more
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terrestrially influenced Alaska Coastal Wat&rC range=6%o) (Iken et al. 2010). Iken et
al. (2010) found that food chain length did nofetfibetween these two locations, and
therefore, the authors found no evidence to sugherproductivity hypothesis. However,
the authors make the important observation thaallibeation of biomass to different
trophic levels did differ, with benthic biomass igihigher and dominated by suspension
and surface-deposit feeding clams in the AnadyréWaind omnivorous/ carnivorous
polychaetes dominating infaunal biomass in the KdaSoastal Water (lken et al. 2010).

Spatial differences also exist throughout thei@armtwhat resources drive entire
food webs. For example, food webs of the Beaufea &ea are dependent on microbial-
processed terrestrial carbon (Dunton et al. 20123. requirement of terrestrial carbon to
be degraded by microbes prior to incorporation dxyscimers (Dunton et al. 2012)
indicates that these food webs are dominated twy"seésource compartments (sensu
Rooney et al. 2006). In contrast, food webs inGaeadian arctic, including Cumberland
Sound (Chapter 3 and 6), and in the Barents Seéaatbard seas, for example (Renaud
et al. 2011), are driven by 'fast' phytoplanktoodurction in the summer, which supports
both benthic and pelagic food chains. However,ltesid the present dissertation reveal
that the Cumberland Sound food web was also sumgpltsd by 'slow' energy channels
like macroalgae (Chapter 3) similar to the situatiothe Beaufort Sea (Dunton and
Schell 1987).

Clearly, spatial differences in the availabilityasal resources (e.g.
phytoplankton, terrestrial carbon) among differartic areas can give rise to differences
in the feeding behaviour of consumers (Dunton .€2@06; Iken et al. 2010), the

community composition with regards to biomass givan trophic level (Iken et al.
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2010) and the energy channel that ultimately cbates to the food web as a whole
(Chapter 3, Dunton et al. 2012). Such spatial tifiees are important because they
could provide insight into the relative strengthtloé stabilizing effects that arise from the
food web structures identified in this dissertatibar example, how does the importance
of spatial and temporal coupling vary among adciations and between arctic and
southerly latitudes? Further, there is a need pdoe& howmuch removal of resource
heterogeneity and/or resource coupling by consumidireave a negative effect on

persistence?

2) What is the relative effect of resource coupling and individual specialization, within
and among predator populations, on food web stability?

There is a need to consolidate the views that testburce coupling by generalist
consumers (Rooney et al. 2006) and populations osetpof individual specialists
(Bolnick et al. 2011) increase food web persistehoegestigating their relative
occurrence in food webs is a good place to beginekample, based on results from the
present dissertation (Chapter 4) and previous \{Rdsenblatt and Heithaus 2011), a
population can be composed of both individual sgdests and individual generalists.
Further, 'couplers’ (i.e. species that feed asrgéses on multiple resources in space) and
'non-couplers' (i.e. species that feed as spesiaison only resource channel) can both
exist in the same food web (Chapter 3, Matich €2@11). Prudent questions to ask are,
within a given food web, how many consumers adoagplers and how many consumer
populations exhibit IS? How many consumers neextt@s resource couplers (sensu

Rooney et al. 2006) in a given food web to elicstabilizing response? How many
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populations within a food web need to be compodeddividual specialists to
effectively increase interactions and decreasednt®n strength to elicit a stabilizing
response (sensu Bolnick et al. 2011)? What isdlative importance of resource
coupling vs IS on food web stability?

Based on results from Cumberland Sound, 57% mdwmers sampled for
Chapter 3 coupled phytoplankton and macroalgaairess in space (i.e. % reliance on
pelagic carbon 10-90%) and 50% of consumers sanfiptedhapter 6 coupled resources
in time by switching their diet between summer amater. How do these percentages
compare with other arctic habitats and with temigeaad tropical food webs? Answers
to these questions could lend insight into thetiretamportance of the structures studied

in this dissertation (resource coupling in spaa®tane and IS) for food web persistence.
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