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Thesis Abstract

In a world undergoing rapid climate change, a greater understanding of the ecological
interactions which structure our ecosystenes/enablehumango predict, or even

repair, anthropogenichanges upon our ecosysteffise Bay of Fundy, Canada, is an
idealsystem to investigate ecologic¢ateractions Its moderate complexity @cological
factors makes telatively easy to studyyhile high population densities, and replicate
mudflats provideconsiderable investigational powér.this thesisl explored biotic and
abiotic factorghat maystructure the infaunal community of the intertidal mudflats in
upperBay of Fundy | observed that winter stressoesq,ice presence and scquair
temperaturesedimenthypoxia) as well as tojglown predation, the input of resources in
a system (bottorup control), the activity of mesopredators (middig control) and
sedimentonditionswere not exerting strong controlling influences upon this
community. It seems likely thatehinfaunal community is predominantly structured by
thearrival of individuals (larvae, juveniles and adulisio a site, andecondary
movement (dispersal) of individuals pasttlementLastly, | utilized molecular

scatology and nexgeneration sequeimgy to investigate the diet ohe of themaintop-
down predatorsf this systemSemipalmated SandpipefGdlidris pusillg). | observed

that sandpipers were acting as generalists, foraging upon intertidal, pelagicja&rrestr
and freshwater prey itemSuch a broad diet may explain why sandpiper predation was
not exerting a strong controlling on the infaunal commupiibys dietinformation may
alter the way we conserve this specsescecurrent conservation efforts are directed

towards beach and intertidal habitat. However, in light of the breadth of diet items



observed here, conservation efforts may have to also includstteatand freshwater

systems.
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Chapter 1: General introduction

Ecology, fromthe Greekagd d, 1 s t he s towldytly naofe practical A h o me
interpretationhowever,suggests thacologyis the study of interactiondNybakken

and Bertness 2005These interactions can be between the living components of a

natural systentike predation or competitio(Ambrose Jr 1991Peterson et al. 2013
betweemontliving aspectof ecosystemas in the transport of suspended sediments by

the tidegWu et al. 2011Passarelli et al. 20)2or between living and neliving
constituentsuch agheinfluence of salinity on marine animdlsristensen 2000

Queirds et al. 201 Ruintana et al. 20)3The value of Ecology primarily resides in
quantifying interactionswithin and between living and néiving aspects of an
ecosystemyhich structure thenvironmentsaround us. Far from being of only

theoretical importance, these interactions are accumulating attention in a world
undergoing rapid climate alteratifiHoughton et al. 20QStachowicz et al. 2002

Barange et al. 2014albraith et al. 2014 At the same time, natural systems are

currently experiencing a decrease in biodiversity, predominantly induced by human
related activitiegLoreau et al. 2001As humanrelatedclimate changéBarange et al.

2014 and habitat degradation/fragmentat{&ahrig 2003 are predicted to have

increasingly negative impacts on both ecosystems and the natural resources on which we
rely upon the need for informed ecological management and conservation will only
increaseSuccessful mnagementr conservation of natural systems relies upon a clear
understandingf the ecological interactions which influenoemmunity structurand

dynamicsas well aecosystenfunction(Terborgh et al. 20QMyers et al. 200,7



Rayner et al. 20Q7For instance in a New Zealand islaiederveland use managers
attempted to protect breeding populations of Cdegdtsels Pterodroma cookjiby
eradicating feral catéJnfortunately, feline predation was keeping populations of Pacific
rats Rattus exulansin check, and removal of feral cats resultedecrease®etrel
breeding success due to rat predafi®ayner et al. 20Q7This exampleemphasizes

how ecosystem modificatigreven well intentionednes made in ignorance of key

ecological interactions may resultdetrimentaklterations.

1.1 Biotic and abiotic forces that structure benthic marine communities

Many studiesave attempted to understand the role of ecological interactions in
structuring biological communitigdilman et al. 2006Chambers et al. 2013
Vanschoenwinkel et al. 201Bilditch et al. 201p These studies are often conduated
benthic communities in the intertidal zone due to ease of acses&ll as the ease of
biotic and abioticvariablemaripulation (Olafsson et al. 19946nelgrove and Butman
1994 Todd 1998. Current models developed to explain the structure and dynamics of
benthic communities revolve aroutiee influences oénvironmental coditions,
resource availabilitycompetition, predation, physical disturbance, prapagule supply
(Underwood and Fairweather 1988enge et al. 1997%Ghasemi et al. 20)4More
specifically,in a marine benthic environmeatiotic factorqparticle sizewater
content, penetrabilitganddissolved oxygen contemt sedimentandexposuretime of a
patch to air(Stillman 2002 Lu et al. 2008Ghasemi et al. 2034 when combined with
differentialfaunaltolerances to these conditiomesert an obvious influence on

biological communitiesaffecting species presence/absence as well as déKsigher



et al. 2001Fergusn et al. 2013Ghasemi et al. 20}4Physical disturbances can take
many formsbutin temperatentertidal benthicenvironments, winter, multifaceted
disturbancemay exert strong controlling influenc&Vinter is multifaceted because
subzero temperatures may influence invertebrates via both thermalBsekema
1992 Strasser and Pieloth 20@iittger et al. 201)1and the action of ic€Strasser et al.
2001, Belt et al. 2009Buttger et al. 2011 including thescouring of the sediment
(Armonies et al. 20Q1Strasser et al. 200$crosati and Heaven 20d&littger et al.

2011).

Disturbancesnd environmental conditiormse not thelominantstructuringprocessem
all ecosystms somecommunities are primarily structureg the availability of
resourcesa situation often referred to as bottam control(Davis et al. 2014van den
Hoff et al. 2014. Resource availability canfluencepopulation density by altering
birth, death, growth and movement rates of organisms, am@bdidy competition
intensityandcommunity compositioiDavis et al. 2014Schuldt et al. 2014/an den
Hoff et al. 2014. At the sane time predation can influence communitieg affecting
density andize structuref prey(and predatorpopulations througdispersal,
mortality, foraging rates or methods, reproductive output, and growthofates
individuals(Kamermans and Huitema 19%2lafsson et al. 199De Goeij et al. 2001
Berke et al. 20009 Predation can occwia apex predators intap down mannefHeck
andValentine 2007Hughes et al. 2014ohnson et al. 20)4which often acts to
stabilize prey population dynami(Baum and Worm 20Q9Predation may also be a
result of midtrophic level predators, often referred to as mesopred@augh et al.

2009. These animals, frequently omnivo@& mmito and Ambrose Jr 1988mbrose



Jr 199), can exert a strong structuring pressure upon biological communities, referred
to hereas middleout control Middle-out controlrefers to situations where mitbphic
level mesopredats exert a structuring influence on a commurvyddle-out predation
can, in some situationdestabilize prey populations, at least in the short,teuth as
during periods of low prey densitiew following mesopredator relea@&mhagen and
Rushton 200,/Quijon and Snelgrove 200&reenville et al. 2013 Finally, the input of
propagules€.g.,larvaefor many marine animaldo a site, commonly referred to as a
pre-settlement process, caffectcommunity composition by influencing species
presence/absenaadpopulation density. Propagule supply is a product of
oceanographic conditiongcal hydrology,initial number of propagulesnd propagule
behaviour omortality (Olafsson et al. 1994 odd 1998 Pilditch et al. 2015
Movement of older individual§uveniles and adultsihto a site, considered a post

settlement process, may be justibaot more important(Pilditch et al. 201p

1.2 Study area: Intertidal mudflats of the Bay of Fundy, Canada

The intertidal mudflats of thBay of Fundyoffer a useful setting to examitige
ecological interactionmtroduced aboveExperimentabndsamplingreplication at
various scales is possible asltiple mudflats(study sitespare available in the Bay of
Fundy,representingvell-definedhabitatpatctes(Drolet et al. 2012 At finer scales,he
cohesive finggrained sediment supports a highly abundant and relatively diverse
assemblage of infaunal spec{@solet et al. 2009Gerwing et al. 2015aMoreover, this
system maintains an assorggoup of epibenthic predators such as benthic(lshes

1952 Risk and Craig 1976Nassariusobsoletusthe Eastern Mud sndiCoffin et al.



2008 Drolet et al. 2013ga and shorebirds like the Sgralmated SandpipeC@lidris
pusilla). Some of these predators are present for short, but ineErgeds of time, such
as the shorebird$icklin and Smith 1984Hicklin 1987). Infaunal densitieap to
200,000 individuals per fnfrom numerougaxa(Gerwing et al. 2015aare possible
due to highly productive benthic diatoms which form the base of this food web
(Hargrave et al. 1983Trites et al. 200pThe food web is also supplemented by high
inputs of detrital carbon, mostly from local saltmars{&sart et al. 198350rdon Jr et

al. 1986 Gordon Jr et al. 1987

1.3 Thesis dructure

In my thesisl examinel therelative importancef biotic and abiotic factorm
structuring biological communities lguantifying thé influence on thénfaunal
community(species presence/absence and dersditgightBay of Fundy intertidal
mudflats.The nudflat stes were selecteatimarily as typical mudflatsisited by the
Semipalmated Sandpipers in the gadtklin and Smith 1984Hicklin 1987, Boates
and Smith 1989Wilson Jr 1989, as well asecondarilypasedn theirhistory of being
studied(Yeo 1977 Barbeau and Grecian 20@arbeau et al. 200®rolet et al. 2013p
and their accessibilityNotethatthis thesioftenrefersto Gerwing et al. (Acceged),
which describethe details of howhe mudflat community, individual taxa, and abiotic
environmental conditions viad amongthe selecte@ight mudflats over two yearshis
paper provides an annual contextttoe results of Chapter, @ndthe actial data used

for the overall analysis conducted in Cha3er



1.3.1 Chapter 2

In Chapter 2 of my thesis, | investigated how the infaunal commwaisynfluenced by
winter, a common disturbance in northern temperate latitudes. Specificdéytified
andquantifiedthe intensity ofvinter stressorgjamelytemperature, ice presendeg
scour, and wind@Buttger et al. 201,1Drolet et al. 2013) anddetermiredtheir
association with changes in community structWenter stressors and their effects on
softsediment codal ecosystems are understudied in temperate lati{&dessser et al.
2001, Thieltges et al. 20Q8Buttger et al. 201)1 and this work is important not only to
understand how winter stressors imphet intertidal mudflats in the Bay of Fundy, but

also to further elucidate their impacts in temperate systems.

1.3.2 Chapter 3

In Chapter 31 investigated the infaunal communiggarround over two years. | studied
how it wasassociated with abiotic ¢ors such as particle sigaller and Aller1998
Kristensen 2000 water contentexposure timgStillman 2002, and penetrability of
mudflat sediment@Kennedy 201p | also assessed the relative contribution of
biological forcesnamely

() top-down effects like predation by benthic figRisk and Craig 19765ilmurray and
Daborn 198) and sandpiper@icklin and Smith 1984Hamilton et al. 2006Cheverie

et al. 2014, andbioturbation and predation by the mud sinilbbsoletugCranford

1988 Coffin et al. 2012,



(i) bottomup effects like benthic diatom productifdrevinton and Kelaher 2004
Fraser et al. 2006&raser et al. 200§land organic matter content in sediments
(Christensen et al. 200RIristensen 2000 and

(i) middle-out effectsspecificallypredatiorbioturbationby errantpolychaetes
(Ambrose Jr 1984ta, 1991, Gillet et 4. 2012 Queirds et al. 2093

Fortheanalysis| examined theffectof thesebiotic and abioticvariables upon the
entire infaunal community (resemblance matrix calculated frendensities of 10
taxa). Multivariate analyse®ERMANOVA) and the nofparametric statistical program
PRIMERwere used to determine the proportion of the infaunal community variation
each biotic an@biotic variable accounted fan other wordsl quantfied the relative
importance of each variablBtatistical analysethatallow for partitioning of variation
of structuring processes represenisafuladvancement in investigating the relative
importance of these processes. Usingh anethod Menge (1991was able to show
that the relative importance of pr@nd positsettlement processes varigelographic
locations My use of PERMANOVAallowed meto adequately model the spatial and
temporal structure of our data set. Therefore, whewestigate the relaive importance
of biotic and abiotic factors the system the analysisook into accouniny sampling
structure (sampling site, plot, roungea) (Clarke 1993Anderson et al. 20Q&larke et
al. 2009.

Studiesthatinvestigate the controlling influence of biotic and abiotic factors often
utilize a small number of speci@ssually only onepver a limited spatioteporal scale
(Menge1991, Olafsson et al. 1994 0odd 1998 Nozawa et al. 2013ones and Ricciardi

2014). Strengtls of my studyarethat it includel 10 infaunal taxaand investigated the



influence ofnumerousiotic and abiotic variables upon the entire infaunal community,
over the entire upper Bay of Fundy, spanning two years. The work in Chapter 3
contributes to ouanderstandingf patternghatstructure the mudftacommunity,
complimenting and building upon earlier studies conducted on finer spatiotemporal
scales.Furthermorethe methods utilized in Chapter 3, when applied to other systems,
will not only expand theinderstandingf forces that structure biologiceommunities,

but alsoease comparability between studies, proviadlagpeinsight on how and why

the relative importance astructuringvariables mayary.

1.3.3 Chapter 4

In Chapter 4, | further investigatg@redation by sandpipersne of theop-down
predators examined in Chapter 8leveloped and evaluated the usefulness of a non
invasive method of sandpiper diet determination, identiboaof prey DNA in
sandpiperéces(termed nolecular scatology)Such a nosinvasive method of diet
determination isisefullyfor acquiring high quality data fahis speciesDiet
information is key to understand the influence-tlmovn predators are having on the
infaunal communityBerke et al. 2009van Gils et al2009 Cheverie et al. 20)4more
specifically which prey items are being consum&fith regards to Semipalmated
Sandpipers, istorical studiesising stomach content analysisggested that while in the
Bay of Fundysandpiper$oragedpreferentiallyupon a single, but abundant, prey
species, the amphipd@brophium volutatofHicklin and Smith 19791984). Based on
this, several studies investigated the influesaedpiper predatiomad uporpopulations
of C. volutator (Matthews et al. 199Hamilton et al. 2006 However, recent work

using stable isotope analysis and visual observaimuhsatedthat this shorebird
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consumes a broader range of mudflat prey items than previously ti{Magiidonald et
al. 2012 Quinn and Hamilton 20)2Therefore, sandpiper predation maydectly
influencing the entire infaunal community, not j@tvolutator. Further, Semipalmated
Sandpipers, likenost North American shorebirdareexperiencing strong population
declinesand facingncreased extinction risBart et al. 200/Galbraith ¢ al. 2014.
Asana n i mdietirdlieences every aspect of its biology, understandingisliessential
in designing effectiveonservation/management plafsyxell et al.2014). Thediet
information presented in Chapter 4 elucidat®t onlytherelationshipbetweerthese
top-down predatorandthe infaunal communityhutalso provides more complete
understanding of the breadth of sandpiper, di#¢ring insightinto potential
conservation challenges (exposure to contaminants and bioaccumulation of toxins)

facing this species.

1.3.4 Chapter 5

In Chapter 5, Integratel the main finding of my thesignddiscusedhow they
influence our understanding wiudflatecosystems, and more generally, our

understanding of forcealatstructure biological communities.

1.4 Implications

As indicatedabove, he work presented in this thesis contrilsuteour understanding of
ecological interactionthatstructurethe intetidal mudflats in the Bay of Fundyhe
relationships observed ihis thesis, when contrasted wéimilar interactions from
other systemgéTilman 1996 Gage and Cooper 200Bracken et al. 2004 could offer

general insights into the types of processes, and their relative impottaatsgructure
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biological communities. However, betwestudy variation in methods limits oability

to compare studies and synthesize general thediesmethods presented in Chapters

3 and 4 areasily applicable to studies conducted in any ecosystem, potentially allowing
easiercomparison between studies. A greater understanding of the relative importance
of key interactions (tojglown predation, bottorap resources, etc.) in structuring not

only individual ecosystems, but general processes spanning multiple systéms

enable g to predichow natural systems vargs well ahow our actios may alter

these ecosystemSuch information may enable tesprevent or even remediate further

humaninducedimpacs.
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Chapter 2: Resilience of an intertidal infaunal community to
winter stressors

2.1 Abstract

Disturbances can greatly affetgnsitiesandrichness of biological communities. Given

the relatively severe winters in Atlantic Canada, including on mudflats in the Bay of
Fundy, winter may be an important structuring force for intertidal infaunal communities.
Further, stressors may include effeatsubzero temperatures, temperature variations,
wind, different types of ice, scour, and low sediment oxygen content. We saagigiied
major mudflats in the Bay of Fundy (a macrotidal, temperate system) before (December)
and after (March) winter ovéwo years, to quantify the biotic community as well as
various environmental variables related to both sediment conditions and winter severity.
Infaunal communities exhibitestatisticallysignificant, but small changes over winter.
Furthermore, patterns wenot consistent among years, sites or taxa: some taxa
decreased in density, others did not change, and a few increased. Finally, the over
winter community change was only weakly correlated to winter stressors. Analysis of
the multivariate correlation inchated that physical disturbance of sediments (i.e., scour
density and depth, variance in drift ice cover) and sediment oxygen coragnt

influence community structur®verall, winter (strictly defined as the period with ice
present in our study) did ngteatly influence the infaunal community, and the mudflat

infaunal community appears resilient to winter stressors.
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2.2Introduction

A disturbance is a discrete event in time or sphatalters resources, substrate
availability or the physical environmemgotentially disruptingommunity or population
structure(White and Pickett 198%etraitis et al. 19§9Ecologists have long been
interested not only in what constitutes a disturbgBteakney 1972Ayling 1981,

White and Pickett 1985but also howdisturbancemfluence biological communities
(Levin 1984 Whitlatch et al. 1998 A disturbance, depending on its severity and
frequency, may lead to decreases or increases in population densitiasaandiness
(Reise 1991Hobbs and Huenneke 1992hambers et al. 201L3ncreases in
biodiversity occur, for example, whéime density of highly competitive taxareduced
allowing colonizers withower competitive ability to become establisn@acala and
Rees 1998Kondoh 2001 Fox 2013. Furthermore, ibccurring heterogeneously across
a landscape, a disturbance can result in a mosaic of different Soce¢stagefReise
1991 Hobbs and Huenneke 1992hambers et al. 20).3The timing of a disturbance
may also be importangjnceits impacts may be amplifieldl occuring when populations
are vulnerabléPetraitis et al. 198Hobbs and Huenneke 199Piowever, a system
(community or population) may be able to recover from or withstand a disturbance, and
so e resilient(Walker 1995Folke et al. 2010 Resilience to a specific disturbance is a
result of characteristics such as tolerances (e.g., thermal or fire resistéereace of a
disturbance is often referred &s being resistant to that disturbgnogethod and
frequency of reproduction, as well as mobility of té&anderson 20Q0Valker et al.

2004 Folke et al. 201p0
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Winter on the intertidal mudflats of the Bay of Fundy, Canada, is a multifaceted
disturbance potdially affecting benthic marine invertebrates. Winter stressors, as well
as their impacts, have been observed in the Wadde{E8eaaser et al. 200Thieltges

et al. 2004BJttger et al. 201)1 Antarctica (Eveiitt et al. 1980Q0Peck and Bullough 1993
Barnes 1995m), and the Arcti¢Conlan et al. 1998 The effect of winter is of

particular interest, including in the Bay of Fundy, because most benthic invertebrate
populations are at the low point in their annual density cycle during wartdrmay be

more vulnerable than at other tim@setraitis et al. 198Hobbs and Huenneke 1992

Winter is multifaceted because subzero temperatures may influence invertebrates via

both thermal streqBeukema 1992Strasser and Pieloth 20@iittger et al. 201)1and

the action of ic€Strasser et al. 200Belt et al. 2009Blttger et al. 2011 Further, ice

in the Bay of Fundy is classified into two broad categories: crust and drift ice. Crust ice
occurs when the sediment and/or water above the sediment f(kemgs and

Dalrymple 1976Gordon Jr and Defgnque 1988 and can extend from nearly 40 cm

above the sediment to 15 cm below the surfg@emnedy 2012Drolet et al. 2013p

Drift ice consists of blocks ranging in size from a few? tonseveral i (Knight and

Dalrymple 1976Gordon Jr and Desplanque 1988olet et al. 2013)y that can be

moved by water currentsand/ormd. Cr ust i ceb6s influence o
to freezing(Knight and Dalrymple 197650rdon Jr and Desplanqu@8B3, Strasser et al.

2000, while drifti ceds i nfl uence ([Amsongeseta. A0fBtyasseri e d t

et al. 2001 Scrosati and Heaven 20@uttger et al. 2011

Wind mayalsoinfluence ice mobility, scour, or temperature; thus when examining
winter-related variables, wind exposure must also be considered. Finally, ice may sever
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the connection between the sediment and the overlying water, thus reducing dissolved
oxygen availabilitym sediment pore water, intensifying anoxic/hypoxic conditions
(Barnes 1999 Reduction in dissolved oxygen is known tdune mortality in benthic
invertebrategGunther 1992Rosenberg et al. 200Diaz andRosenberg 200&nd
changesn community structur@Altieri and Witman 2006Altieri 2008, Ferguson et al.
2013. In sum, winter is a complex disturbance, more complicated than just cold and

ice.

Winter stressors and their effects on sw#tiiment coastal ecosystems are understudied
in temperate latitudgStrasser et al. 200Thieltges et al. 20QButtger et al. 2011

The main objective of our studyas to quantify ovewinter change of the invertebrate
community on intertidal mudflats in the Bay of Fundy. To that end, we sampled eight
large mudflats spanning the extent of the upper Bay of Fundy, before and after winter,
over two years. Specificallyye asked: (1) Does the intertidal invertebrate community
vary over winter? (2) If so, which taxa drive this community change? (3) Which winter

stressors are associated with the observed community arévaxahange?

2.3 Methods

2.3.1Study sites

Our study was conducted on intertidal mudflats in the upper Bay of Fundy, Canada
(Figure2.1). The Bay of Fundy is a macrotidal system, with tatabplitudes ranging
from 8-16 min the upper region®esplanque and Mossman 20D4Eightmudflats
weresampledMar yos Poi nt §(DB,)GanddAse (GA)| PeckdCGowet

(PC)and Minudie (MN) located in Chignecto BagndMoose Cove (MC), Avonport
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(AV) and Starrs Point (SP) located in Minas Ba$ifhile similar in many ways, these
mudflats are representative of the subtle variation in habitat fegessnt in this

region (Table2.1, FigureAl.1 and TabléAl.1 in Appendix 1. During winter,

depending on the orientation of a mudflat relative to the dominant westerly winds, and
the interaction between tidal currents and weather systems (including wind direction and
strength), the mudflat may be covered with drift ice, crusthoth, or free of ice. Drift

ice may remain on a mudflat ranging from hours to many @&yght and Dalrymple

1976 Gordon Jr and Desplanque 198&acfarlane et al. 2033

2.3.2 Quantification of ice conditions via aerial surveys

For our study, we defined winter as the period of time ice was present on intertidal
mudflats (midJanuary to end of February in 2010 and 2011). In 2010, we surveyed ice
conditions by walking transects on mudflats. Since only one mudflat could be vigited b
a sampling team per day, and ice conditions on a mudflat can vary greatly from one day
to the next, ice cover data for 2010 was not useful for spatial comparisons and are not
presented. In 2011 we did sam@y sampling of all mudflats by airplane. Icenddions

were quantified using aerial surveys at all 8 mudflats within 2 h of low tide on the same
day, when daylight low tidesincidedwith mild weather and good visibility (three
sampling dates: 29 Jaary, 14 Februaryand 24February. From the airwo observers
independently quantified the proportion of each mudflat covered with drift ice and crust
ice (Gordon Jr and Desplanque 198Bhotographs were also taken from various
altitudes, and images were then analyzed using Imageweb.nih.gov/i) to

determine the proportion of eastudflat covered in each type of ice. All visual

observations taken onsite were within 5% of image analysis values; values derived from
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the images were used in subsequent analyses. We calculated average percent cover as

well as variance (n = 3 sampling ds}.

2.3.3 Ground-baseddata collection

We sampled mudflat biota and sediment conditionsapeposiwinter, during the

weeks of 8 Deember2009 and 10 March 2010 for the first winter, and the weeks of 4
Deember2010 and 16 March 2011 for the second winter. During a given week, we
sampledll eightmudflats (termed sitesyith two sites randomlyisited per day,

typically one in Chignecto Bay and one in Minas Basin. At each mudflat, two transects,
running perpedicular to the low water line, were established-I000 m from each

other, depending on alorglore length of the mudflat. Transects were-¥800 m long
(depending on the acrashore length of the mudflat), from the shoreward start of the
mudflat to tke highest low tide line, and were divided ifdor equal zones based upon

distance from shore, for random stratified sampling.

For mudflat infauna, three sampling locations (termed plots) were randomly selected per
zone, for a total of 12 plots per traes, 24 plots per site. At each plot, a 7 cm diameter
corer was pushed into the sediment as deep as possilfec(d until hard bottom or the

end of the corer was reached). Within 12 h of collection, samples were passed through a
250-um sieve(Crewe et al. 2001o retain all benthic life stages of macrofauna, as well

as large meiofauna, and preserved in 95% ethanol. Preserved samples were later sorted
and invertebrates identified and counted under a dissecting microscopédicdarighe
amphipodCorophium volutatorbivalveMacomaspp, Copepoda, Ostracoda and

polychaetes (to family) were quantified.
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Mudflat sediment characteristics were quantified from cores collected along the
transects mentioned above, both before and afteer. One sediment sample (corer: 3

cm diameter, 5 cm deep) was randomly collected from each zone (4 per transect, 8 per
site, 64 per sampling round). The top 1 cm of each core was separated and weighed.
This sediment was then dried in a drying ovel(1C, for 12 h), weighed again, and

placed in a desiccator. Percent water content was then calculated as: (mass wet sediment
i mass dry sediment) / (mass wet sediment) x 100. This dry sediment was then ashed in
a mufflefurnaceat 550 °Cfor 4 h and weighed; percent organic matter content was
calculated as (mass dry sedimembass of ashed sediment) / (mass of dry sediment) x
100. Volumeweighted mean sediment particle size was then determined for each
sample using a Malvern Mastersi2800 (www.malvern.con Particle size was

measured in triplicate and an average value per sample was cal¢(Rladeduez

2005.

In addition to data obtained from aerial surveys, information on winter stressor egriabl
was collected as follows. To assess dissolved oxygen content in the sedienent, w
visually measured depth to tlagparent redox potential discontinufgRPD Gerwing

et al., 2013}o the nearest 0.5 cm @ach plot. Measurements were madthe void Idt

in the sediment following removal of thecih diameter corffor infauna samplingas
describedn Gerwing et al. (2013Depth of the aRPD in the sediment is a good relative
indicator ofsediment oxygen content (specifically, dissolved oxygen content in pore
water) when comparing different locatiof@erwing et al. 2015bThree measures of

the aRPD were examed: average and variance invater aRPDdepthper mudflat

(n = 24 plots), and the change in aRPD depth over winter (averageiptst value
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minus average preinter value per mudflat) to reflect the chang@ane wateoxygen
content We quantifed ice scour once per winter, in early to fMdrch 2010 and 2011,
following the arrival of warmer air temperatures and ice break up, during the annual
peak in scour occurren¢Brolet et al. 2013) Along each established transect

(described above), we randomly selected 20 locations® (lots; 5 plots per zone per
transect), and recorded in each plot density of scour (number of scour nfrksdn

depth of deepest scour (d@mlet et al. (2013bfor information and images on what
constitutes scour). We then calculated average scour density and average depth of
deepest scour per plot, as well as the variance (n = 40 plots), for each site. Variance in
scour density and depth are a measure of spatiakiea in scour conditions within a

mudflat, and along with the average values reflects how impacted a site is by ice scour.

Since air temperature is related to mudflat sediment tempe(&temaedy 201p, we
measured air temperature at mudflats by placing two iBcod temperatareéenec

(Alpha Mach) on the shoreline of each mudflat between 12 Jan and 26 Feb 2011. A
reading was taken every 4 h, and we calculated the average and variance (n = 438 per
recorder per site), and extracted the minimum and maximum. We also quantified wind
exposure at each mudflat using cotton tatter flags in 2011. A linear relationship exists
between flag weight loss and wind exposiiédl er et al. 198,/Quine and White 1994

Two groups of five flags were spaced ~1 km apart on the shore at each mudflat. We
initially deployed flags (preveighed after 12 h in a drying oven at 110 °C)/on

February 2011, but did not use these data because flags became buried in snow. Flags
were deployed again on 1 April 2011 for 30 d; while this does not provide exact wind

exposure over winter, it reflects the relative exposure of mudflats. Flags werst e/
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dried for 12 h at 110°C, and then weighed again. Average flag weight loss per mudflat

(n = 10 flags) was calculated.

2.3.4 Dataanalyses

2.34.1 Community and individual taxon change

We used PRIMER with the PERMANOVA (Permutational Multivariate Analysis of
Variance) adebn (McArdle and Anderson 20010 quantify how the mudflat

invertebrate community changed over winter. The community was composed of 10 taxa:
C. volutator Macomaspp., Copepoda, Ostracoda, as well as the polychaetes Nereididae,
Nephtyidae, Phyllodocidae, Cirratulidae, Spionidae, @amgitellidae. For the

resemblance matrix, we added a dummy variable of 1 to deal with plots with zero
densities, transformed the data using fourth root to improve assessment of effects of rare
and common taxa on community structure, and used the@ur#is coefficient. A

dummy variable can be considered a Adummy
resemblance based upon samples comprised of numerous taxa with densities of zero
(Clarke and Gorley 2006In the PERMANOVA, Site (8 levels), Season (2 levels: pre

and postwinter), and Year (2 levels) werixéd factors; Transect (2 levels) nested

within Site, and Plot (error term) were random factors. Due to a significantianee
interaction between fixed factors (Site x Season x Year), we conducted a separate
PERMANOVA for each year. For 2068010, theravas a significant Site x Season
interaction, so we conducted a PERMANOVA analysis for each site separately as a
posthoc analysis. A sequential Bonferrtype p value correctior{Benjamini and

Hochberg 199bwas applied for ovewinter community change at each site.
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Community composition, preand postwinter, wee visualized using aon-metric
multidimensional scalingh(MDS) plot. Overlaid vectorsepresenthe correlations
(Pearson correlation coefficients) between taxarsiBS axesThenMDS plots had a
stress <0.2, and so was considered a goediriensonal representation of higher
dimensional trend&larke 1993 SIMPER (Similarity Percentages;atke &

Ainsworth 1993, Clarke 1993) was used to identify the contribution of each taxon to a
significantoveswi nt er communi ty change. The ratio
dissimilarity to stadard deviation of the dissimilarities (Diss/SD) represents how
consistently each taxon contributed to the community variance. Values greater than 1
represents taxa which consistently contribute to the-airgier community change.

Taxa with Diss/SD below did not consistently contribute to the owvénter

community change.

SIMPER, supported by ANOVAs (Tabkel.3 in Appendix 3, was also used to qualify
the over winterchange of each taxon. Taxa which consistently contributed to the
overwinter community ltange (Diss/SD ratio above 1) and which increased or
decreased over winter were interpreted to do so consistently, and denoted with,a + or
respectively. Taxa with a Diss/SD ratio below 1 were interpreted to not change

consistently over winter, and derdtwith no change (nc).

We used RELATE (Spearman correlation, with 999 permutgt©laske & Ainsworth
1993) in PRIMER to determine if a correlation existed between community and stressor

resemblance matrices. We used an alpha value of 0.1 in these analyses because we were
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looking for patterns to generate hypotheses about possible mechanismignomde

community changeNe di d not wuse more predictive met
multivariate regression analysis, because our ice data were collected at a different scale

than our biota and sediment data (aerially at the level of site versus at thef |gog|

respectively). Such methods would have required substantial data pooling and all

resolution would have been lost.

First, we tested if poswinter infaunal community was related to venter infaunal
community for each winter (2068010 and 210-2011). This comparison provided
insight on how much ovewrinter community variation could be related to winter
variables (i.e., if preand postwinter communities are not significantly correlated, then
winter variables may be associated with muctefdhange). The community
resemblance matrices, pwind postwinter, were constructed using the mean density (n
= 24 cores) of each of 10 taxa for each site (Fi@u8¥ and the BraxCurtis coefficient;

no other data transformation was used. The ma#ikan 8 x 8 dimension based on our
8 mudflats. Second, we tested if pashter sediment conditions were correlated to pre
winter sediment conditions for both winters, to provide insight on whether or not the
infaunal community inhabited an environmerdttbhanged greatly over winter. The
sediment resemblance matrices were constructed using mean values per site (n = 8 cores
or 24 locations) for sediment variables (average volumighted mean particle size, %
water content, % organic matter content, &aiRRPD depth) that were then normalized.
Euclidean distances were used in this matrix. Third, we tested whether theiaesr
change in infaunal community related to the ew@rter change in sediment conditions

for both winters. The resemblance matritt@sthe ovefwinter changes in infaunal
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community and sediment conditions were constructed by calculating proportional
changes ((poswinter value- pre-winter value)/prewinter value) from site averages,

and usingeuclideandistances. To avoid dividinigy zero when pravinter taxa

densities were estimated at zero, we added a value of 1 to all site averages {lzotth pre
postwinter) prior to calculating proportional density changes; this value was below the

detection threshold for taxa densities in sampling program.

Finally, we tested if the proportional oveinter change (resemblance matrix
constructed as stated above) in infaunal community structure correlated with winter
variables in 201011. The resemblance matrix of winter variables wastagisd

using normalized values and Euclidean distances for averageérmiez aRPD depth,
prewinter aRPD depth variance, owemter change in aRPD depth, average percent
cover of crust ice and of drift ice, variance in percent cover in crust ice anit ice,
average scour density and depth, variance in scour density and depth, average air
temperature, minimum air temperature, air temperature variance, and wind exposure.
These winter variables were selected as good representative winter variatiles for
analysis, and did not correlate highly with each other (univariate Pearson correlation
coefficient < 0.85Anderson et al. 2008If a significant multivariate (RELATE)
correlation existed, t hENV, SPeRrmMANEREIHIONBEST r 0
999 permutations) was used to identify which winter variable(s) associated with the
community change resemblance maffarke and Ainsworth 199&larke and Gorley

2008.
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2.3.4.3Which winter variables associate with etk R O O vidtar ©hanger

We constructed a resemblance matrix (Euclidean distance, 8 x 8 dimensions) for each

i ndi vidual t ax owirdes changean®01@0 1 (ostaihter denseyw

pre-winter density)/pravinter density for each sitednd added 1 before the proportion
calculatonwhenprvi nt er density was zero. We compa
matrix to the resemblance matrix for winter variables (described above) using RELATE
(Spearman correlation; 999 permutations). If a sigaift correlation was detected,

BEST (BIOENV, 999 permutations) was used to identify the winter variable(s) most

associated with the taxespecific oveswinter change.

2.4 Results

2.4.1General patterns

Taxa richness before and aftenter for both years varied little (Figug2; TableA1.3

in Appendix J); however, substantial variation existed between sites and years.
Individual invertebrate taxa also had considerable variation in density between sites and
years (Figure.3; TableA1.3 in Appendix ). Overwinter change in density of taxa

was variable, and not necessarily consistent between sites and years, with some taxa
increasing over winter, others decreasing, and yet others exhibiting no change. A
geographical relationship in conunity structure was apparent (Figxd): sites from
different bays (Chignecto Bay: MN, PC, GA, DF, MP; and Minas Basin: SP, AV, MC)
clustered separately, and sites geographically closer within a bay clustered together,
independent of year and seasosaipling. Moreover, Chignecto Bay sites were
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clustered more than Minas Basin sites, suggesting that there was higherudtiat
variation in community structure in the Minas Basin mudflats. Also, for each sie, pre
and postwinter community compositioclustered together. Tal2el summarizes ice,
scour, wind, and air temperature conditions, wAppendix 1provides greater detail in

the spatiotemporal variation in winter conditions among sites.

2.4.2Did the infaunal community change over winter?

The mudflat invertebrate community varied by year, site and season graegure

2.4). In 20092010, the ovewinter change varied neconsistently among sites (Site x
Season interaction). The infaunal community at AV, MN, PC and MP did not vary
significantly over winter in 2002010 (Table.2), but the community at the other sites
(SP, MC, GA and DF) did, with dissimilarity of ZB0% before and after winter (Table
2.3). For the sites which did vary significantly, the taxa which discriminated best
(Diss/SD > 1) between and contributed most (% contribution) to the community change
also differed among sites. Generally,volutator Spionidae, ostracods, copepods,
Macomaspp. and Phyllodocidae were good discriminating taxa, and contributed
substantially(~10-20%) to the ovewinter change at the majority of the sites. In the
second year (201R011), the overwinter community change varied consistently among
sites (nomsignificant 2way interaction), though there was a site effect (Tal@g

Overall averge dissimilarity preversus poswinter was ~38% (pooled over sites;
Table2.4). C. volutatorand Phyllodocidae were good discriminators and contributors
(~12-15%) to the community change. For the remaining taxa, some accounted for a
substantial proportioof the variation, but did not do so in a consistent manner (Table

2.4).
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2.4.3 How does each taxon change over winter?

Many of the taxorsite-year combinations revealed no significant change over winter
(between December and March; Tablg). Although there was no consistent overall
pattern, some taxa exhibited a dominant pattern. For exa@ple]utator

predominately decreased over winter, while Spionidae, Phyllodocidae, Ostracoda and
Copepoda declined in about half of the siéar conbinations. Various polychaetes, the
errant Nephtyidae and Nereididae, and the sessile Capitellidae and Cirratulidae, mostly
did not significantly change in density between December and March. A few taxa
showed an increase in density in some ofg#tar canbinations. No site showed a

consistent ovewinter change for aliaxa from one year to the next.

24461 PET wi EECOUUWEOUUI OEUI whpbUOT wlOT 1 wE OO
For both 20022010 and 2012011, the preand postwinter infaunal communities were
correlated (RELATE; 2002 0 1 0 : jp=6.00P, 20a2011:;; = @=060@5;
Figure2.4). Similarly, the preand postwinter sediment conditions were correlated
(20082 01 0: Jp=6.0202018250,1 1 |} p=0.008). HB~ever, the
proportioral overwinter change in taxa densities did not correlate with the proportional
change in sediment conditions (26D 1 0 -0.22,p=%9.78; 2012 0 1 1 -0.R0,p=

= 0.70). Nevertheless, the owginter community change was weakly correlated with

wintervariables in 2012011, and the relationshiwwa s si gni fi pant (})
0.098). The single winter variable that best grouped the sites in a manner consistent
withoverwi nt er community change was scour dept

= 0.70and 0.69, respectively; Tak®5). The next best single winter variable was scour
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density (both site variance and average). Variance in percent drift ice cover and average

aRPD depth showed a moderate and weak correlation. The pairing of scour density

variance and scour depth variance produced the best correlation with theiotezr

community change and wasp=9004)ni fi cant (BEST
24561 PET wpDOUI UWYEUDEEOI UWEUUOEDPEUI wbbUI

change?

Only the errant polychaetéephtyidaeshowed a significant correlation between its

proportional change ovavinter and winter variables (Tab®7). Winter variables

associated with Nephtyidae owemter change were similar to those observed with the

community pattern, andinclude aver age scour depth (3 = 0.
= 0.70), average scour density (}J = 0.49),
and averagepr@i nt er aRPD depth (3} = 0.27). The b
was the tripletofaer age scour depth and density, ani
0.82,p=0.02).

2.5Discussion

2.5.1Resilience of the infaunal community to winter disturbance

Although we detected significant changes in the infaunal community structure of
intertidal mudflats in the Bay of Fundy over winter, the changes were relatively small.
Specifically, community structure for a given mudflat clustered together foapde
postwinter samplings over two years (Figud). Indeed, postvinter community

structue was strongly correlated with prgnter community structure (for both study
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years), suggesting that the influence of winter stressors (ice, wind, temperature, scour,
hypoxia) on ovemwinter community change was limited. Further, positer sediment
condtions (particle size, water content, organic matter content, and aRPD depth) also
correlated strongly with previnter sediment conditions, further suggesting that winter
stressors had little impact, as the sediment environment changed little. Howester, oth
studies have shown that smbro temperaturgBeukema 1992Strasser and Pieloth

2001, Buttger et al. 201)1 and ice and scoyBtrasser et al. 200Belt et al. 2009

Blttger et al. 201)1can disturb infauna. Therefore, our observations suggest thad dur
the winters of 2002011, thentertidal infaunal community in the Bay of Fundy was

resilient to winter stressors.

The small, but significant, ovavinter change in community structure in our study
reflected responses by a wide variety of taxa. Staxe showed strong decreases in
density, others no change, and a few increases in density (Réhi2gl, 2.5). In
addition, taxon responses to winter varied between (Sitegesting a site by season
interaction)and years. Such a variety of responses within a taxon has been observed
before although not in the Bay of Fundw, the polychaetes Phyllodocidé&rmonies et
al. 200) and Capitellida¢Gordon Jr and Desplanque 1988ilson Jr 1991Armonies
et al. 200 A more consistent response withiteaon has been obseryedso not in
the Bay of Fundyfor Spionidae, reported to decrease over wi(Aemonies et al.
2001, andCirratulidaeto not change over wintéwilson Jr 199). Corophium
volutator, was observed temoothly decline over winter in the Bay of Furn@yolet et
al. 2013b. As well, consistent with our studbut observed in ofr systemsMacoma

balthicahas been observed to increase in density over widegrkema 1979Gordon Jr
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and Desplanque 1983nd ostracods to not chan@®ilson Jr 199). The variety of
taxonspecific responsasverwinter supports our view that ttmmmunityis relatively
resilient to winter stresso(&rimm and Wissel 1997Gunderson 20Q0Valker et al.

2004 Folke et al. 201D

Taxonrelated features of our infauna that may impart resili@ncesisanceto winter
stressors include being resistant to freezing. For exa@pimlutatorand some
polychaetes can be encased in ice and survive after th@Waxdarlane et al. 2033
therefore exhibiting resistance to freezing str&ssilience may be a result of
reproduction replacing winteelated matality. Indeed, sessile polychaetes
(Cirratulidae, Spionidae) have been reported to reproduce asexually in harsh conditions
(Wilson Jr 1983Petersen 1999In addition, movement of individuals suas
immigration into impacted sites by various dispersal ve¢irslet et al. 2013a
Macfarlane et al. 20)3or emigration from local disturbances (e.g., scour) would
contribute to resilience. Our study was designed to determine which of these
mechanisms may be operating in our system. However, some combination of these

features was likely operating, and their relative importance may vary among taxa.

2.5.2Possible effects of winter stressors

Given the smalbbserved changes in community structure over winter, the weak
association with winter stressors (ice, scour, wind, air temperature, and sediment oxygen
content) should be expected. Neverthelesdejth analysis of the multivariate

correlation was insigful to understand the mulfaceted aspect of winter and identify
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variables which could be important in more severe wir{emsionies et al. 2001

Strasser et al. 200Buttger et al. 20111

Variables related to scour (scour density andigapay have a potential structuring
influence (Table.6) in our system. Variance in drift ice cover also showed some
correlation with community change, which given the identified correlation with scour is
not surprising. Drift ice results in scour wheémioves across the sediment. High

temporal variance in drift ice cover signifies that drift ice was highly mobile, resulting in
more scour. Scour has been observed to have negative impacts on coastal communities
by inducing mortality or dislodging residar{Strasser et al. 200Belt et al. 2009

Blttger et al. 201)1 Deeper scaumplies a more severe scour event, likely leading to
higher rates of mortality or movement. At the tasspecific level, only the errant
polychaete Nephtyidae was correlated with winter stressors. Interestingly, the same
variables were correlated with pldn t y i d awenéeischaoge asrin the ovetinter
community analysis (scour, drift ice; Tal@&). This initially was surprising, since
Nephtyidae did not show a significant change in absolute densities before versus after
winter (though densities wegenerally low, which would have made it difficult to

detect differences; Figu23 and Tabl&.5). However, the proportional positive or
negative change in density (averaged per site) over winter was associated with the
amount of scour and variance inftice cover experienced at the sites. Thus, a
mechanistic hypothesis derived from our study is that scour and drift ice may influence

overwinter changes of some infaunal taxa, and community structure.

The other type of ice, crust ice, has previouslynbeported tomegativelyaffect

organismsecause afhermal stres@Beukema 19911992 Thieltges et al. 2004
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Battger et al. 201)] orto help protecthem A layer of stationary icémits low

sediment temperaturasd dampentemperature fluc@ations(Gutt 2001 Partridge

2001, Scrosati and Eckersley 200Th addition, crust ichas been hypothesized to
shield the sediment, and its associatgauna, from ice scouiKnight and Dalrymple
1976 Barnes 1999Gutt 200). However in our study, crust ice coveitljer average or
temporal variance) did not show any correlatiath overwinter changen the infaunal
community or individual taxa density. This may be a result of experimental design, as
we did not directly contrast infauna responses when coveredardvered by crust
ice. Nevertheless, crust ice may have influenced our system indirectly through
interactions with aRPD depth (a relative measure of oxygen content in sediment;
Gerwing et al.20153. Specifically, crust ice can sever the connection betwthe
sediment and the water column, and so exacerbate anoxic/hypoxic con@aomss
1999 and cause the aRPD to masleser to the surface. Our study identified-priater
aRPD as a variable correlated with ewenter change. However, as the correlation
observed was with preinter aRPD depth, not ovevinter aRPD depth change, we are

unsure of the possible causal telaship, and are hesitant to speculate.

The taxa which contributed most to the eweénter community changeC( volutator
Phyllodocidae, Copepoda and Spionidae; Table did not correlate witthe measured

winter stressor. A complementary study focuse€owolutator and conducted during

the same two winters as our study and at two of our sites, observed a similar pattern and
provided further insight@rolet et al. 2013 Drolet et al. (2013b) observed tl@t
volutatordensity decreased linearly throughout winitedependent of temperature and

ice events eliminating the possibility of acaiteffects of winter stressors on survival. As
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well, the possibilityof emigration events to subtidal areas (where the winter
environment is more benig(Gunther 1992Beukema et al. 1998eukema and Dekker
2003) was unlikely, because thenere no sudden decrease£involutatordensity

before or immediately upon the onset of wir(ferolet et al. 2013 The constant
decreasén density (which implies an increase in proportional mortality) as winter
progressed suggests that the amount of stored ene@ywalutatorindividuals (which
would decrease as the winter proceeded) is important foivanégring survival(Drolet

et al. 2013 Similar mechanisms may be operating for our other taxa; however, as our
study used spatially, rather than temporally, intensivepag) we do not know the
density trajectory during winter for our other taxa. Depletion of stored energy levels,
emigration events (e.g., errant polychaetes &xlintherl992 or other processes that

are noimmediately tied to winter stressors may have been important for other infauna
during winter. Focal studies with multiple sampling times (not only gne postwinter

samples) are needed to quantify detailed population trajectories during winter

2.5.3Winter in an annual context

From a human perspective, winter on the Bay of Fundy intertidal mudflats appears to be
a severe disturbance. Air temperatures often appr@8gIiC, accumulations of ice
encompassing entire sites are common, and scour isafemt can penetrate deep

into the sediment. However, our results suggest that wsttartly defined as the period
when ice was present, did not have a substantial effect on the infaunal community
inhabiting intertidal mudflats. In fact, the infauna community appeared to be resilient to

the winterinduced stressors of temperature, ice layygbxia. This result is further
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supported when patterns of infaunal densities and taxa richness were examined over the
entire yea(Gerwing et al. 2019aPercent dissimilaritya measure of the community

change betweetemporal sampling units, revealed that ewenter change is likely a
continwation of a seasonal trend. Percent dissimilarity tenol®e low(~2535%)

during the peak in mudflat density and richness (2ulgust) andhen increase (30

60%) asdensity/richness decreakauring fall and winter (Augudstlarch; Gerwing et

al., Acceptal). The overwinter changeppears to bseimply a continuation of this

pattern, a larger pattern likely not fully or directly related to winter stressors during our

strictly-defined winter.

2.5.4Conclusion

Although we detected a significant owginter change in infaunal community structure

on intertidal mudflats of the Bay of Fundy, it was small and not consistentases

and decreasesyer two winters. Moreover, correlations between community structure

or taxa densities and winter stressors were generally weak. This suggests that the
infaunal community was resilient to winter stresses. Further examination of the
significant (though wdg multivariate correlation between owemter community

change and winter stressors provided insights on component stressors of a disturbance
(sensuHobbs andHuennekel992). We hypothesize that variables related to the

physical disturbance of sedimeijdsift ice cover and variance, scour density and

depth), as well as sediment dissolved oxygen content may have structuring influence in
more severe winters. A next step will be to directly test these hypotheses at finer
spatiotemporal scales using predietmethods of analysis as well as manipulative

experiments.
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Figure2.1l: Study sites(intertidal mudflats) in the upper Bay of Fundy, Canada. Site
names are Starrs Point (SP), Avonport (AV), Moose GM@), Minudie (MN), Pecks
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indicates the location of the Bay of Fundy in Maritime Canada.
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Figure2.2: Taxarichnesymean + SE, n = 24 coregf infauna before (December) and after
(March) winter fortwo years and at eachudflat site in the upper Bay of Fundy. See Table .
for full site names
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See Table 2.1 for full site names.
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Figure 24: Non-metricmultidimensional scalinghMDS) plot of the intertidal mudflats
in the Bay of Fundy (see Table 2.1 for full site nanfesed ompre- and postwinter
infaunal communityEach symbol representsietime combinationthe distance
between symbols represents the differenammunitycomposition betweesite-time
combinationsThe vector overlay beneath tmdIDS plot represents correlations
between taxa anaMDS axes. The vector of each taxon shows the directiorccdased
density across theMDS plot. See Figure 2.3 for actual taxa densities.
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Table2.1: Summary ¥alue or nean + SE) osediment and winterelatedfeatures from each intertidal mudflat sitethe Bay of

Fundyfor the second winter (2012011).Sincedifferencesn pre- and postwinter sediment properties (particle siaad% water

and organignattercontent)were smallthe pre- and poswintervalues were pooled (n = D@resper site).Sediment particle size is

the volumeweighted mean. n = 24 lations for apparent redox potential discontinuity (aRPD); n = 438 readings for air temperature; n
= 10 tatter flags for wind exposure; n = 3 sampling dates for ice cover; n = 40 quadrats for scour data.

SP AV MC MN PC GA DF MP
Feature . Starrs Moose N Grande Daniels Mar y¢
Variable Type Point Avonport Cove Minudie  Pecks Cove Anse Flats Point
Onent%lgenn(i);gMudﬂat Northeast  Northeast West West East West East South
Area of Mudflat (knd) 4.0 15 11 8.0 2.0 100 8.0 5.0
Sediment Particle Size (um) Sediment 4&6; 429+49 56.0+109 21.0+x10 388%15 16.6+70.9 33.2+27 43.0+23

Sediment Organic Content (% Sediment 31+02 33%£0.2 3.3+x0.2 3.7+0.1 24+0.1 46+0.1 2701 25+0.1

SedimentWater Content (%) Sediment 309+13 327+11 316+06 399+17 288+07 432+08 353+05 278z+1.1
Prewinter aRPD Depth (cm) Sediment/Winter 2.7+0.3 4.2+0.3 45+04 6.3+0.3 48+0.3 6.2+04 2.7%0.2 1.8+£0.2
PostwinteraRPD Depth (cm) Sediment/Winter 1.1+04 1.1+0.2 0.6+0.2 6.9+0.3 47+0.2 8.8+0.2 45+0.1 48+0.2

w
oo

Air TemperatureX ) Winter -18+03 -28+x03 -32x03 -42+x03 -38x03 -43x03 -41+x03 -41zx03
Min Air TemperatureX ) Winter -17 -17.5 -18.0 -20.8 -21.3 -21.3 -22.8 -23.3
Max Air TemperatureX J Winter 16.8 14.2 12.0 12.5 13.5 9.8 13.8 15.0

Wind Flag Weight Loss (B Winter 1.3+x01 1.0£0.1 1.7+0.2 0901 0.8+0.2 1.3+0.2 0.7+x0.1 06+0.1
Cover Crust Ic€%) Winter 3§é53i 36.7+31.8 60.0+£30.6 625+31.3 450+275 90.0+58 61.8+21.8 41.9+29.0
Cover Drift Ice (%) Winter 20+10 00+0.0 50.0+153 50.0+26.5 47.0+24.6 322+240 2715 43+29

Scour Density (number A Winter 0(')13; 0.01+0.01 0.08+0.03 0.21+0.04 0.16+0.04 0.05+0.02 0.04+0.03 0.00+0.00

Scour Depth (cm) Winter 0.26 + 0.03+0.03 0.30+0.15 1.43+0.34 0.53+0.16 0.63+0.24 0.06+0.05 0.00+ 0.00

0.07




Table2.2 PERMANOVA results investigating whether the mudifdaunalcommunity
varied over winter in the Bay of Fundy. Significant and interpretalldues of fixed
effects are in bold. Nesignificantp values of fixed effects which approach significance
are in italics. Due to a significant thregy interaction (Site x Season x Year, Pseudo
F7,8=2.17,p = 0.03), the analysis was conducted by year. Multiple comparisons for
winter 20092010 (Site x Season interaction) wanterpretedwith p values corrected
using a sequential Bonferretyipe adjustment. See full site names in Tahle

Pseude Unique

Source of variation df MS F Permutations p
20092010

Site 7 40366 15.22 998 0.001

Season 1 3847 4.61 999 0.015

Site x Season 7 3073 3.69 997 0.001

sp 1 3153 7.43 998 0.002

AV 1 2959 1.79 998 0.105

MC 1 6211 3.74 998 0.014

MN 1 1699 2.32 998 0.071

PC 1 1503 2.26 998 0.070

GA 1 1721 4.23 998 0.006

DF 1 4045 4.23 998 0.021

MP 1 1503 1.57 998 0.203

Transect(Site) 8 2652 2.98 998 0.001

Seasorx Transect(Site) 8 834 0.94 999 0.599
Residual 350 891

20102011

Site 7 35487 30.64 997 0.001

Season 1 8548 7.77 999 0.002

Sitex Season 7 1786 1.62 999 0.117

Transect(Site) 8 1158 1.60 998 0.024

Seasorx Transect(Site) 8 1100 1.52 999 0.035
Residual 352 725
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Table 23: Results of SIMPER for the sites (SP, MC, GA, DF) that had a significant change in infaunal community over winter
(between December and March) in 2081810 (see Table 2). Average dissimilarity of each taxon, and its percent contribution to

overall dissimilaity between pravinter and postvinter communities are presented. Diss/SD is the ratio of the average dissimilarity to

standard deviation of the dissimilarities for each taxon; values greater or equal to 1 are in bold, and represent taxessteiok
contributed to the observed community change. See full site names irRTlable

SP GA
Overall average dissimilarity = 34.10 Overall average dissimilarity = 28.68
Average _— Cumulative Average I Cumulative
Taxon Dissimilarity ~ Diss/SD Contglbutlon contribution Taxon Dissimilarity =~ Diss/SD Contglbunon contribution
(%) 0 (%) (%) ) )
Spionidae 6.6 2.8 19.3 19.3 Spionidae 5.3 1.2 18.3 18.3
Capitellidae 55 1.4 16.1 35.4 Ostracoda 4.9 1.2 17.0 35.3
Copepoda 51 1.2 14.9 50.3 C. volutator 3.8 1.3 13.4 48.7
Ostracoda 4.8 1.1 14.0 64.2 Macomaspp. 3.5 1.2 121 60.8
Cirratulidae 4.5 1.4 131 77.4 Cirratulidae 2.8 0.8 9.6 70.4
Macomaspp. 3.5 1.1 10.4 87.7 Phyllodocidae 2.7 1.1 9.6 80.0
C. volutator 1.6 0.8 4.6 924 Copepoda 2.4 1.4 8.5 88.5
Phyllodocidae 15 1.3 4.3 96.6 Nereididae 13 0.6 4.7 93.1
Nephtyidae 1.2 0.7 34 100 Nephtyidae 11 0.5 3.7 96.8
Nereididae 0 NA 0 100 Capitellidae 0.9 0.5 3.2 100
MC DF
Overallaverage dissimilarity = 59.17 Overall average dissimilarity = 44.47
Average Contribution Cumulative Average Contribution Cumulative
Taxon Dissimilarity Diss/SD (%) contribution Taxon Dissimilarity Diss/SD (%) contribution
(%0) (%0) (%0) (%0)
Copepoda 11.6 1.1 19.6 19.6 C. volutator 8.2 1.2 184 184
Nereididae 10.2 0.9 17.2 36.8 Spionidae 7.6 1.1 17.2 35.6
C. volutator 9.8 1.0 16.5 53.3 Ostracoda 5.6 1.1 12.6 48.1
Macomaspp. 8.8 0.8 14.9 68.2 Copepoda 5.4 1.1 12.2 60.4
Phyllodocidae 6.5 1.0 11.0 79.2 Macoma spp. 5.3 1.2 11.8 72.2
Nephtyidae 4.4 0.8 7.5 86.7 Phyllodocidae 4.3 11 9.7 81.9
Spionidae 4.1 0.7 6.9 93.5 Nereididae 2.7 0.8 6.1 88.0
Cirratulidae 2.5 0.6 4.3 97.8 Nephtyidae 2.4 0.6 54 93.4
Ostracoda 1.3 0.4 2.2 100 Cirratulidae 2.2 0.5 4.9 98.3
Capitellidae 0 NA 0 100 Capitellidae 0.8 0.4 1.7 100




Table 24: Results of SIMPER for the change in mudflat invertebrate community over
winter (betweerDecember and March) in 20011, pooled over sites (see Table 2.2).
Average dissimilarity of each taxon, and its percent contribution to overall dissimilarity
between pravinter and postvinter communities are presented. Diss/SD is the ratio of

the averge dissimilarity/standard deviation of the dissimilarity for each taxon; values
greater or equal to 1 are in bold, and represent taxa which consistently contributed to the
observed community change.

Overall average dissimilarity

= 37.5%
Average Individual Cumulative
Dissimilarity Contribution Contribution
Taxon (%) Diss/SD (%) (%)

C. volutator 5.5 1.0 14.6 14.6
Copepoda 5.3 0.9 14.1 28.6
Spionidae 4.4 0.9 11.8 40.4

Phyllodocidae 4.1 1.0 10.9 51.3
Ostracoda 3.6 0.8 9.4 60.8

Cirratulidae 3.5 0.7 9.3 70.1

Macomaspp. 3.4 0.9 9.0 79.1
Nephtyidae 3.2 0.7 8.4 87.5
Nereiddae 2.6 0.6 7.0 94.5

Capitellidae 2.1 0.6 5.5 100
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Table 25: Overview of the changeoveri nt er f or each taxon (SI MPER; Tables 2.3 an
= 1 or higher and whirccédpr ence retas etdaoa ewi twh na eDi.s g6/ SD rati o =
Aincodo or no cthaxgewirtepr&as@ings/ SD ratio < 1. A00 represents ta
possible. Full site names are in Table 2.1; Year 1 is for December 2009 to March 2010, and Year 2 for December 20120thlMarch
Similar results were obsemyavhen population change over winter was analyzed using ANOVA (see Table A1.3 in Appendix 1).

Macoma Copepod

Site  Year Capitellidae Cirratulidae Spionidae Phyllodocidae Nereididae Nephtyidae spp. Ostracoda a C. volutator
SP 1 + + + - 0 nc - - + nc
SP 2 + + - + 0 nc + - + -
AV 1 - nc - nc nc nc nc nc + nc
AV 2 - - nc - 0 nc nc - - -
MC 1 0 nc nc nc nc nc nc nc - -
MC 2 nc - - - nc nc nc nc - -
MN 1 nc nc - nc nc nc - nc nc -
MN 2 nc nc nc - nc nc nc nc - -
PC 1 nc 0 - - nc nc + nc nc -
PC 2 nc nc - - - - nc nc nc -
GA 1 nc nc - - nc nc - - - -
GA 2 nc nc - - nc nc + - nc -
DF 1 nc nc - + nc nc - - + -
DF 2 nc nc + - nc nc nc - + -
MP 1 nc + + + nc nc - - + +
MP 2 nc - nc + nc nc + nc nc -

Ny L N
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Table 26: Summary of BEST (BIEGENV, Spearman correlation coefficient) results comparing thewiger proportional change in
the infaunal community to a selection of winter variables in Bay oflffunudflats in 2012011. a) Correlation with each single

winter variable; b) correlation for the ten bestecbwmadrirnabl en
number o in a). Not e t h attvenortelationndoek not repeeseit a megative eelatianshspebutsatherao n e g a
relationship.
a) Single winter variables b) Combinations of winter variables
. Variable . . . Number .
Variable name Correlation Selection of variables of Correlation
number .
variables
Scour Depth/ariance 1 0.7 1,3 2 0.87
Average Scour Depth 2 0.69 1-3 3 0.86
Scour Densityariance 3 0.63 1-4 4 0.86
Average Scour Density 4 0.62 1-5 5 0.85
Drift Ice CoverVariance 5 0.49 1,3, 4 3 0.85
Prewinter Average aRPDepth 6 0.21 2,3 2 0.83
Average Drift Ice Cover 7 0.09 1,2,4,5 4 0.82
Average Crust Ice Cover 8 -0.04 1-4,6 5 0.82
Crust Ice Cover Variance 9 -0.19 1-3,5 4 0.82
Average Air Temperature 10 -0.24 1-4, 11 5 0.82
Air Temperature Variance 11 -0.26
Wind Exposure 12 -0.29
Overwinter aRPD Depth Chang 13 -0.31
Prewinter aRPD Depth Varianc: 14 -0.32

Minimum Air Temperature 15 -04




Table 27: Summary of RELATE (Spearman correlation coefficient) results examining
the correlation between prand posiwinter densities for each taxamBay of Fundy
mudflats in 2012011 Significant correlations are bolded. Note that a negative
correlation vale with a multivariate data set does not represent a negative relationship,
but rather no relationship.

Taxon Correlation p

Nephtyidae 0.43 0.02
Phyllodocidae 0.20 0.16
C. volutator 0.06 0.35
Nereiddae 0.05 0.39
Ostracoda -0.01 0.46
Capitellidae -0.02 0.48
Copepoda -0.24 0.87
Spionidae -0.26 0.98
Cirratulidae -0.29 0.92
Macomaspp. -0.29 0.93
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Chapter 3. Relative importance of biotic and abiotic forces on the
composition and dynamics of a soft-sediment intertidal
community

3.1 Abstract

Top-down, bottomup, middleout and abiotic factors are usually viewed as main forces
structuring biological communities, although assessment of their relative impoitance
asingle studyijs rarely done. We quantified, using multivariate methods, association
between abiotic and biotic (tegown, bottomup and middleout) factors and infaunal
population and community variation on intertidal mudflats in the Bay of Fundy, Canada
over two years. We observed a significant relationship between infaunal
communities/populations and biotic as well as abiotic factors. Abiotic and radtle
factors were of intermediate importance, while-tlgovn and bottorup factors were of
relativelyminor importance. Spatial structural factors like site and plot accounted for
most of the variation. We suggest that community and population structure were
relatively uncoupled from biotic and abiotic factors in this system because of high
concentrationsf resources (benthic diatoms and detrital organic matter), as in resource
pulse ecosystems, that sustain high densities of infauna and limit exploitative
competition. Further, we hypothesize that the infaunal community at a mudflat primarily
reflectsstc hasti c spatial events, namely a fAfir:
observed differences in patterns for the relative importance of factors among taxa, as
well as between taxa and the community, suggesting that comrhenvefyanalyses may

obscure pa#irns/associations of less common taxa due to the overwhelming
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patterns/associations of more abundant tAXaether or not this represents a serious
limitation of multivariate analyses at the community level must be further evaluated.
The methods used hesiee applicable to any system of interest, and usage in a variety of
systems may reveal general patterns in the relative importance of forces that structure

communities.

3.2Introduction

Ecologists have long debated the factors that structure biological communities
(Rosemond et al. 1993 nelgrove and Butman 199enge 2000Levinton and

Kelaher 2004 Abiotic factors, such as salinity or temperature, coupled with the
variations in tolerance or preference organisms exhibit for these fé8titiraan 2002

Lu et al. 2008Ghasemi et al. 20)4exert an obvious influence on bioloagic
communitiegKelaher et al. 20QFerguson et al. 201&hasemi et al. 20)}4Biotic
factors can also affect community composition and spatiotemporal dynamics. Some
communities are controlled via predation in a-tlgevn mannef(Heck and Valatine

2007, Hughes et al. 2014ohnson et al. 20)4while others are driven by availability of
resources in a bottowp mannefDavis et al. 2014Schuldt et al. 201,47an den Hoff et
al. 2014. In realty, most communities are likely influenced by a combination of top
down and bottorup forcegBracken et al. 20145reenville et al. 20145pringerand

van Vliet 2014 Vinueza et al. 2004 Further complicating matters is the role of middle
out variables, such as mibphic level predators, often referred to as mesopredators
(Prugh et al. 2009 These animals, frequently omnivo{€mmito and Ambrose Jr

1985 Ambrose Jr 1991 can exert a strong structuring pressure upon biological
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communitiedEImhagen and Rushton 2Q@Juijon and Snelgrove 200&reenville et

al. 2019.

Complementary studies focussed on determining patterns in community structure and
dynamics, and on evaluating processes underlying community patterns are needed to
fully understand the relative importance of structuring fordéanipulative

experiments are excellent at determining whether processes are occurring within an
ecosystem, but are less efficient at quantifying how these processes interact to produce
patterns at larger scale$his is because manipulative experiments are logistically
constrained to a limited number of variab{ederwood 199% and cannot manipulate
the full suite ofin situ conditions(Dayton 1971Connolly 1994 Hamilton 2000

Cheverie et al. 2014ohnson eal. 2014. This results in manipulative studiefien
focusingon only biotic or only abiotic facto$Snelgrove and Butman 1994ughes et

al. 2014 van den Hoff et al. 2034Surveybased methods measuring correlation, not
cause and effect as in manipulative experiments, can include more variables than
manipulative experiments and study them over a broader spatiotemporal scale in
conditions not altered by experinters. Mensurative methods are thus compliamgnt

to manipulative experimentand theyenable one to assess the relative importance of
different processes on pattern generation at scales much greater than what can be

manipulatedUnderwood et al. 20Q0/cGarigal and Cushman 2002e-Hao 2003.

The infaunal community of the intertidal mudflatsthe Bay of Fundy, Canada, exhibits
moderate complexity and is an ideal system in which to investigate the relative
importance of biotic and abiotic factors to community and population variation. The

community appears to be structured by a combinatidopedlown and bottorup forces
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(Olafsson et al. 199Hamilton et al. 2008Cheverie et al. 20)4Potential bottorup
forces includenighly productive populzons ofbenthicdiatoms which form the base of
this food wel(Hargrave et al. 1983rites et al. 2005Gerwing et al. 2015aDiatom
production is supplemented by high inputs of detrital organic m@&teart et al. 1985
Gerwing et al. 2015alikely from local saltmarshg&ordon Jr et al. 1986Potential
top-down forces includepibenthic predators such bhenthic fish(McCurdy et al.

2005, themudsnailNassarius obsoletys.k.a.llyanassa obsolet Droletet al. 20133)
andshorebirdgHamilton et al. 2008Chevere et al. 201} In addition, infaunal
polychaete omnivores such as Phyllodocidae, Nereididae, and Nepl{fadabdald
and Jumars 197®agliosa 2005Jumars et al. 2014%erwing et al. 2015anay
represent strong middleut forceg Ambrose Jr 1984iCommito and Ambrose Jr 1985
Ambrose Jr 1991 Finally, abiotic factors such as particle size of sedim@neadows
19641, exposure time to a{Cranford et al. 1985 and dissolved oxygen content in

sedimentgFerguson et al. 20)8nay also be exerting structuring influences.

The goal of ar paper was to quantify the relative importance of biotic-oywn,
middle-out, bottomup) and abiotic factors to community and population variation. We
intensively sampled biotic and abiotic variablegightmudflats spanning the entire
upper Bay of BEndy over two yeard he cetailed information pertaining to the
spatiotemporal variation in these variables can be foumving et al. (2015aWe
thenused a multivariate empirical modelling method (PRIMER; Clarke Gorley

2006) to relate independent variables to the biological community. Our study thus
contributes to ouunderstandingf patterns in the mudflat community, and

complenents earlier studies focussed on process. More generally, the methods utilized
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here when applied to other systems will not only expandrhlerstandingf forces that
structure biological communities, but also provide insight on how and why the relative

importance of these variables may change.

3.3Methods

3.3.1Study sites

Oureighti nt er t i dal mudfl ats (termed fAsiteso)
consistedoMar yé6s Poi nt §(DF, )GanddAnsei(GA), Becks Coxet
(PC)and Minudie (MN) located in Chignecto BagndMoose Cove (MC), Avonport

(AV) and Starrs Point (SP) located in Minas Bggkigure 2.). Details of the biotic

and abiotic characteristics of these sites can be fouri@emving et al. (2015a)

Gerwing et al. (2013)yandBringloeet al. (2013)

3.3.2Mudflat sampling

3.3.2.1Biota

Over two years, 2002011,we samplednudflats every 3 weeksom JuneAugust, and
every 68 weeksrom OctoberMay. Sampling roundsRound occurred at
approximately the same time each yedr \eek). For random stratified sampling at
each mudflat, we established two transects perpendicular to the low waterline, each
divided into 4 equal zones based upaertidaldistanceacrossshore This effectively
represented 8 strata per mudflat. More detafi the sampling scheme can be found in

Gerwing et al. (2015a)
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For mudflat infaunawe randomly selected osampling locatior{1 n?; hereafter

t e r me d) pdizprie ot adotal of plots persite and an overall total of 1021 plots

Note that we actually sampled the bidtat(not the abiotic variables; see below) at 3
randomly selected plots per zone per tran@@etwing et al. 2015apreliminary

analysis indicated that population and community patterns were similar when the dataset
was reduced to 1 plot per zone. Hence, we utilized the subset of our data in which each
plot contained all biotic and abiotmeasurement#t each plota 7-cm diameter corer

was pushed into the sediment as deep as possit@ ¢by until hard bottom or the end

of the corer was reached). Within 12 h of collection, samples were passed through a
250-um sieve(Crewe et al. 2001to retain all life stages of benthic macrofauaswell

as large meiofaunand preserved in 95% ethandle quantified densities of

Corophium volutatorMacomaspp, Copepoda, Ostracoda andlyhaetes (identified

to family;, Gerwing et al. (20154)

For each plgtwe determinedoncentration o€hlorophylla, anindicator of diatom
abundancgin the top 23 mm of the sedimen#s inCoulthard and Hamilton (2011)Ve
estimatedhe proportion of the plot eered in shorebird footprints, which were
generated primarily by Semipalmated Sandpip€gdidris pusilla), the most abundant
shorebird species in this ar@dicklin 1987). Thisis a good indication of sandpiper
habitat us€Robar and Hamilton 20Q/and of foraging activity within a plot since
sandpipers spend the majority of their time foraging while on the mu@¥iatsDonald
etal. 2013. We counted the numbeo$ N. obsoletusnails andish feeding traces
(hereaftetermedfifish bite®) in each plot $eeRisk and Craig (1976@ndMcCurdy et

al. (2005)for images of fish bites and identification criteria).
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3.3.2.2Abiotic variables andedimentproperties

We calculated an index okposure timgtime out of waterjor each plot asl i [plot
distance (m) from shomdivided bytotal transectistance (m) Transects extended from
the landward start of the mudflat to the highest low water line\iend 7001800 m
long, depending on the size of the mudflat)each plotwe evaluateghenetrability of
sediment by dropping a metal ratb(cm long, 19 cm diameter, 330 g) from™m
above the substraturithe depti{mm) thattherod penetrated into theediment was
recordedKennedy2012. We measured depth of the apparent redox potential
discontinuity (aRPD), an index of the general sediment dissolved oxygen content
(Gerwing et al. 2015hto the nearest 0.5 cm the void left in the sediment following
removal of the £m diameter core for infauhsampling(Gerwing et al. 2013 We
determined additional sediment properties by collectingsedenent sample (corer: 3
cm diameter, f££m deep)from each plot, and quantifietganic matter content, water
content and volumeveighted mean particle size in the top 1 cm of the sediment, as in

Gerwing et al. (2015a)

3.3.3Data analysis

3.3.3.1Environmentalfactorsassociated witltommunity structure

All data analyses were conducted using the statistical program PRIMER with the
PERMANOVA (Permutational Multivariate Analysis of Variance) adtd(McArdle
and Anderson 20Q01We used a PERMANCOVA, a multivariate analysis of covariance,

to determine which of our covariates (Abiotic: air exposure, mean patrticle size, water
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content, sediment penetrability, aRPD depth; Bioticdown: perent cover of

sandpiper footprints, density bif. obsoletusdensity of fish bite; Biotic bottorap:
chlorophylla concentration, organic matter content) were associated with the
spatiotemporal variation of the infaunal community. We also quantified varianc
components, the proportion of the multivariate variation accounted for by each variable
(Searle et al. 1992Anderson et al. 2008The infaunal community includeacoma
spp.,C. volutator, Copepoda, Ostracoda, and polychaetes (Capitellidae, Spionidae,
Cirratulidae, Nereididae, Nephtyidae, and Phyllodocidae). A resemblance matrix of the
infaunal densities was calculated using B@yrtis coefficients, and a dummy variable

of 1 to deal withplots with no infaundClarke et al. 2006 Taxa densities were fourth

root transformed to improve assessment of rare and common taxa on community
structure(Clarke and Gorley 20Q6All covariates were normalized prior to analysis to
handle measurements with differenita and scales (e.gim, number r¥). Mean

particle size, chlorophyl concentration, density of fish bites, and densiti}of
obsoletusvere fourth root transformed prior to normalization to correct skewed
distributions(Clarke and Ainsworth 1993Middle-out polychaetes (Phyllodocidae,
Nereididae, and Nephtyidae) were omitted as covariates in this infaunal community
analysis since they were part of that community. Beyond the covariates, Round (8 levels
per year) was included as a fixed factor, while Year (2 levels) and Site (8 levels) were
included as random factors. Year, Round, Site, and Plot (i.e., the lowesifleve
replication) are hereafter referred to as structural factors. Wellrs€d5 for the
community analysis, and tested homogeneity of slopes by examining the interaction

between structural variables and covariates.-dlgnificant interactions with cariates
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were removed from the model, and significant interactions with covariates were
interpreted as contributing to the proportion of the community variation accounted for
by the involved covariattAnderson et al. 2008 Sincewe used Type | sums of squares
and our dataset was mildly unbalanced (data from only 3 plots were missing), we
repeated the PERMANCOVA with the various independent variables entered in
different orders and verified that variable order within the modehdidlter results
(Clarke and Gorley 200&nderson et al. 20Q8Finally, covariates and structlira
variables that did not account for any variation in the multivariate data cloud were

removed or pooled, respectivéRietcher and Underwood 2002

3.3.3.2Environmentalfactorsassociated withndividual taxa

To evaluate the variables associated with population densitiediafiual taxa, a
resemblance matrix was constructed for each taxon (densityalathroot

transformed, BrayCurtis coefficients, and a dummy variable). We used the same
covariates as detailed for the community analysis, and we added toidgielych&tes

as covariates for the tax@pecific analyses. Phyllodocidae, Nereididae, and Nephtyidae
were fourthroot transformed prior to normalization when used as covariates. We
conducted PERMANCOVAs as detailed above, and repeated them to test for the
possibek effect of order of independent variables; variable order only affected the
statistical results for one taxon (Nephtyidae), but did not change the general
interpretation for that taxon. To correct for possible inflation of famwilse error rates

in thesemultiple taxonspecific analyses, we usélE 0.01(Kelaher et al. 2001 We

cal cul ated Pearsondés wunivariate correl ati

and each of its significant covariates.
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3.4Results

3.4.1Environmental factors associated with community structure

Structural factors accounted for the majority of the observed infaunal community
variation (~79%; Tabl8.1). Spatial factors (plots 37% and sites 32%) accounted for
most of ths variation, while temporal factors (year and round) accounted for a
significant, but small proportion of the variation. Bottoim factors also contributed
significantly to community variation, although chloroptg/toncentration (a bottomp
factor) onl accounted for ~1% of the variation. Fdpwn factors accounted for ~6% of
the variation. Of the tepdown predatord)\. obsoletugand interactions involvinyl.
obsoletuy accounted for the largest proportion of the variation (4.7%), while sandpipers
(0.4%) and fish bites (1.1%) accounted for a minority of the variation (Bable

Abiotic covariates accounted for 11% of the community variation. Air exposure (and
interactons involving it) accounted for the most (~9%), while mean patrticle size (and
interactions involving it) accounted for a small proportion of the variation (~2RHD.S

and bubble plots exhibiting spatiotemporal change in community composition, as well
as which taxa and abiotic factors are associated with these groupings can be found in

Appendix 2.

3.4.2Environmental factors associated with individual taxa

Similar to the community analysis, structural factors (particularly spatial factors)

accounted fothe majority of the variation in taxespecific analyses (Tab®&2).
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Abiotic, bottomup, middleout, and topdown covariates accounted for a smaller
proportion of the variation; however, the pattern of significant variables and the
proportion of the vari#on they accounted for varied among taxa, and with the
community analysis. Middleut covariates were associated with many of our taxa, and
they accounted for a relatively large amount of the variation, especially for our sessile

polychaetes (Capitellida&pionidae, and Cirratulidae; -PA4%).

3.5Discussion

3.5.1Relative contribution of biotic, abiotic, and structural factors to
mudflat community structure

As in other systemghe infaunal community of the Bay of Fundy mudflats was

influenced by topdown (Hughes et al. 2014ohnson et al. 20}4bottomup (van den

Hoff et al. 2014Vinueza et al. 2014 and abiotic factor@Kelaher et al. 200X Ghasemi

et al. 2014. Our study agrees with past experimental studies in the Bay of Fundy, which
foundthat both topdown and bottorup forces influenced mudflat communities

(Hamilton et al. 2008Cheverie et al. 2034However, these past studies were

conducted on a smaller spatiotemporal scale than ours, and so only tested the effects of
these factors on spatially and temporally localized processes. Two strengths of our study
are the broad spatiotemporal scale, aredniultitude of factors examined

concomitantly, both of which allow us to investigate the relationship between these
factors and patterns in community structure. We observed that, although significant, top
down and bottorup factors accounted for only a difeaction of the community

variation. This suggested that infaunal community structure may be relatively decoupled
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from both topdown and bottorup factors in this type of habitat. Instead, structural
factors accounted for the majority (~79%) of the omwmity variation. These factors

may reflect stochastic events; for example, temporal factors may be related to
interactions between time of year (seasons: temperature, photoperiod) and weather
patterngScholz and Liebezeit 201Prolet et al. 2013pb The influence of the spatial

factor Site (at the scale of kilometres) may be related to processes such as larval supply
(Weersing and Toonen 2009ostsettlement disperséPilditch et al. 2015

unmeasured site features (e.g. hydrodynamic patterns or shelter from tides/waves;
Williams et al. 2013), or their interaction. Sediment type (particle size), typically an
important sitelevel feature in sofsediment studie@-lach 1992aSnelgrove and

Butman 1994Woodin et al. 2010Ghasemi et al. 20)4would not have been greatly
influential in our study because we had a small range of sediment types among our silt
dominated mudflat@Gerwing et al. 2015aThe variation among plots (at the spatial

scale of tens of meters) may be a result of-§icale interactions such as inteand

interspecific interactions among infaugiach 1992ab, Flach and Beukema 1995

Woodin et al. 201Drolet et al. 2013a Overall, the mudflat infaunal community may
refl ect a fsfeirrvetd oc smd ,uaftiiromt, as descri bed

models(Connell and Slatyer 197 and discussed further below

Community dynamics that are uncoupled from-tlmpvn predation (i.e., where

predation, even when common, has a minor influence on measured phenomenon) have
been observed before in resouprdse ecosystems. In these situatjorsourcelriven
increases in prey numbers are so large that predators exert little influence upon density

of prey speciefletnic and Dickman 201 @reenville et al. 2014/inueza et al. 2014
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We propose that the annual bloonbenthic diatoms observed during spring/summer in
our systen{Hargrave et al. 198&erwing et al. 2015aacts as a resource pulse
resulting in such an increase in infaunal dengtgrwing et al. 2019ahat topdown
predation has little lasting effect. Further, while predators such as shorebirds may have
substantial shotterm impacts on certataxa, the mortality is likely compensatory in
nature (sensBoys&2004). Seasonal declines in many invertebrates occur regularly in
this region(Gerwing et al. 2015¢ so predators are consuming sdosdie individuals.
Therefore, the effect of such predation on the community as a whole may be minor.
Indeed Hamilton et al. (206) suggested that although foraging by sandpipeirscided
with large declines iCorophiumvolutator, much of this mortality would have occurred
anyway. In addition, our epibenthic predators are intraguild predators, feeding upon
multiple trophic leels(Cranford 1988McCurdy et al. 2005Coffin et al. 2012Quinn

and Hamilton 201p Feeding on multiple trophic levels may result in negligible
suppression of prey speci@snke and Denno 2005and thus explain the relatively low

proportion of community variation accounted for by epibenthic predatangrigystem.

Although we propose that tegpwn effects in our mudflat system were largely

neutralized by a superabundance of resources, it should be noted that benthic
chlorophylla concentration (a measure of diatom abundance) accounted for only a small
proportion of the infaunal community variation and sediment organic matter content was
not significant. Thus, community structure and dynamics may also be relatively
uncoupled from bottorap factors. Anple resources should noecessarilype

interpreted abottomup control of a system, at least not in the sense that resources

tightly influence community structure and dynamitke high primary productivity on
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mudflats during spring and sumn(&chelske and Odum 198dargrave et al. 1983
Gerwing et al. 2015dikely limits the importance of exploitation competition, as in
resourcepulse ecosystenfietnic and Dickman 201@reenville et al. 2014/inueza

et al. 2014. IndeedDrolet et al. (2013afpund no evidence of intraspecific competition
among the highly abunda6t volutatorin our mudflat system, and attributed this to the
presence of ample resources. The high amount of resources observed for the majority of
the yea on our mudflats may be above the threshold required to sustain infaunal
populations that minimize the impact of predation as well as to limit exploitative
competition. When food is relatively low in late fall to nmvighter (Drolet et al. 2013p
Gerwing et al. 2015p top-down predators are mostly absé@erwing et al. 2015aand
infauna are low in density and relatively inact{igolet et al. 2013pGerwing et al.
20153 Gerwing et al. 2015¢ sobottomup factors would not greatly influence
community structure (see also Gerwing et al. 2015b for an analysis focused-on over
winter patterns). We thus suggest that high levels of resources on mudflats limit the

controlling influence and thus the relag importance of bottorap forces.

Strong relationships between abiotic factors and community/population densities have
been well documented in previous studideadows 1964fFlach 1992, Snelgrove

and Butman 1994Noodin et al. 2010Ghasemi et al. 2034However in our study,
measured abiotic factors (air exposure, and mean particle size gbditgtiwater

content and oxygen content of sediment) accounted for just 11% of the variation in the
infaunal community. Of the abiotic variables we examined, air exposure (i.e., time
emersed) accounted for the largest proportion of the community var{a®86). This

suggests that the infaunal community exhibited aesbsse zonation, an observation
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previously reported foMacoma balthicaon Bay of Fundy mudflat&Cranford et al.

1985. Zonation is likely a result of differential exposure toleraf8tdlman 2002 and

is common but subtle on intertidal mudflé®eterson 199Dyer et al. POO, Bertness

2007). While abiotic factors accounted for more of the community variatiam kiotic
factors, both accounted for less than structural variables. The relatively low importance
of abiotic factors may be partially related to the limited variability in conditions
observed among our mudflats. In addition, high resource concentratsimsresource

pulse ecosystems, can lower the influence of abiotic factors by attracting animals to
habitats or patches with abiotic characteristics that would normally preclude occupancy
(Rose and Leggett 198Gonnolly 1994. This may be occurring in our system, since we
have observed high densities@fvolutatorin sandymud patches rich in chlorophwl
(Gerwing etal. 2015a d e s pi t estehdericysto axadianees bf delatively coarse
sedimentgMeadows 1964fx, 1967). IndeedMeadows (1964a)bserved that.
volutatorcan settle after a swimming event on sandy sediments, but avoided settling

there if the sand was treatedrémove biofilm.

In sum, intertidal mudflats have high primary productiyghelske and Odum 1961
Hargrave etl. 1983 Field et al. 1998Bertness 2007 as well as muted temperature,
desiccation and salinity stresses compared to other intertidal h@Niyhtskken and
Bertness 20038ertness 2007 Mudflats have less competition for space than rocky
shores or salt marshes, given the thdeeensional aspect of the substrddayton

1971, Bertness 199INybakken and Bertness 2Q@ertness 2007 and have a low
angle of repose and are often expansive, which contribute8use predation pressure

by mobile predatoréAmbrose Jr 1991INybakken and Bertness 2Q@ertness 2007
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Cheverie et al. 2034 Therefore, mudflats may be viewed as a relatively benign
environment for organisms adapted to living in mud. We hypothesize that mudflat
community structure and dynamicsarenmral v refl ecti ve of Afirst
taxa(Sutherland 1974Connell and Slatyer 197Bertness 2007 Inputs of larvae (for
species with a dispersive larval phase) and movement by juveniles andchlis et

al. 2012 Bringloe et al. 201 3Pilditch et al. 201p may be important at the spatial scale
of sites.In a review of population variability versus reproductive mdafsson et al.
(1994)concluded that larval availability (recruitment limitation) was ndominant
determinanbf communitystructureof macrgeinvertebrates in marine soft sediments
but rather that postettlement factors, such as predation, competition, physical
disturbance, and resource availability were more important. Recent work by Rafditch
al. (205) suggests that dispersal by juveniles and adults (also -a¢itistment factor),
which is characterized by continued, frequent, sts@le movements over long periods
and can dominate metammunity dynamicgnay be particularly important isoft
sediment communitie§urther, once establishe@sidents may resist colonization by
new dispersing individualgAmbrose Jr 19844 oeuille and Leibold 2008 This
combined thinking is in line withwr findings; we found that (i) predation, resoes

and abiotic factors had significant but minor relationships with intertidal infaunal
community variation, (ii) the community was resilient (Figure S2 in Online Resource,
Gerwing et al. 2015b), and (iii) some largeale spatial factor was stronglysasiated

with community variation. At the smaller spatial scale (among plots) identified to also
be important in our studgedimentanimal relations and inteand intraspecific

interactiong Ambrose Jr19844a Flach 1992aBeukema and Flach 1996lach 1996
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Woodin et al. 2010may be dominating. In future studiesg @are interested in testing
whether preemptive competition may be an important structuring force of mudflat

infaunal communities.

3.5.2Patterns at the taxon level, and assessment ofmiddle -out forces

Similarto other systems, most taxa were influenced by a combination of abiotic
(Ghasemi et al. 20}4top-down (Johnson et al. 20)4bottomup (Vinueza et al. 2014

and middleout factorg EImhagen and Rushton 2003uijon and Snelgrove 2008

Prugh et al. 2009 As in our community analysis, the majority of the spatiotemporal
variation of each taxon was accounted for by structural factors (BableHowever,

not only was there a different pattern in the importance of independent variables among
taxa, but also between taxa and the community as a whole (Babkesd3.2). For

instance, the community level analysis suggested that sediment water and organic matter
content were not associated with community variation. However, {specific

analyses revealed that water content was associated with Spionidae densities, and
organic natter with copepod densities. Further, variance components (%) varied
substantially, indicating that individual taxa were sometimes more and sometimes less
connected to abiotic, tegpown, and bottorup factors than the community as a whole,

or other taxaln all cases though, these factors accounted for a relatively small

proportion of the spatiotemporal variation of individual taxa (T8t

Generally, middleout polychaetes accounted for a relatively large proportion of
population variation when comgal to topdown and bottorup factors (Tabl8.2).

The association between sessile infauna (Capitellidae, Spionidae, and Cirratulidae) and
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mesopredators was often relatively high, likely because sessile animals cannot easily
avoid predatiofAmbrose Jr 1991or bioturbationDeWitt and Levinton 1985

However, thenfluence of middleout predators was still limited compared to structural
variables, perhaps as a result of low mesopredators delj&ié&esing et al. 2015a
Nevertheless, even if mesopredator density had been higher, intraguild predation would
likely have resulted in limited suppression of pspgciegFinke and Denno 2005

since these polychaetes are omniv@Fesichald and Jumars 19Phagliosa 2005

Jumars et al. 20)4

We also observed positive and negative correlations between predatatevtop
predators and mesopredators) and prey densities (F2bldNegative effects of

predators on prey have been well docume(ttzanilton et al. 20068Prugh et al. 20Q9
Cheverie et al. 2034Positive associations between some infauna and predators (Table
3.2) may be the result of predators aggregating in areas or times of high prey densities
(Norkko and Bonsdorff 199@1amilton et al. 2008 predator and prey densities co
varyingwith a third factor, or competitive releaggharpe and Chapman 2Q1Kore

work is required on topown predators and mesopredators of intertidal mudflats at
different spatial and temporal scales to explain the variety of correlations they had with

prey species.

3.5.3Implications of different results for community and taxon-specific analyses

The methods used in our paper can be applied to any system to quantify the relative
importance of various potential structuring forces. In our paper, the variation in patterns

reported between taxa, even taxa performing similar ecological roles, for @xampl
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Cirratulidae and Spionidaérauchald and Jumars 19Pagliosa 2005Jumars et al.

2014, suggests that generalizations cannot always be made.tfiauslative

importance of structuring variables should be investigated for all taxa of interest within
a communityMurray et al. (2014arrived at a similar conclusion when they observed
that species sharing traits cannot always be aggregated into the same functional group.
Furthermore, differences between tasapecific and commuty patterns must be
addressed. Empirically modelling the community as a whole offers a useful method to
understand community spatiotemporal dynamics. However, one drawback of this
communitylevel analytic approach is that associations between individcebiad
structuring variables can be obscur&pasojevic and Suding (2012) their

examination of plant community functional diversity, also observed that multivariate
analyses obscured key relationships which were subsequently identified by analysing
individual traits (abiotic ftering, aboveground competition, etc.pturaro et al. (2014)

in a multivariate analysis of biologicaksemblagesf seagrassmeadows, observed

limited community variation at their coarser spatial scales (equivalent in scale to our
communitylevel analysis), but strong variations in density and biomass at finer spatial
scales. Therefore, analysis at broader scales may obsaiggdined associations.
Continued work is required to better understand processes at different scales, as well as
to evaluate whether community models that overlook less common taxa due to the
influence of more common taxa are useful. In many situatieas,dommon taxa may
exert such a minor influence on the community that the community approach is
applicable. In other situations, communrliéyel models which obscure factors that

influence key but less common taxa, such as ecosystem endiMeensllod-Blondin
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and Rosenberg 2006aliman et al. 2013 may fal to quantifyessentiainteractions It
is also likely that the answer to this questiamies between biological systems and the

features of the system investigated.

3.5.4Conclusions

Previous studies in Bay of Fundy intertidal mudflats observedfsigni effects of top
down, bottoraup, and abiotic factors on infaunal dynam(gamilton et al. 2006

Cheverie et al. 2034These manipulative experiments were instrumental in illuminating
variables that operate within this ecogyst However, such experiments could not
clarify the relative importance ttiesevariables. In other words, manipulative
experiments are excellent at identifying processedgbstefficientat determining how
multiple processes interact to form largett@ans. Although correlational, the broad
spatiotemporal sampling and statistical analysis presented in our study helped elucidate
patterns and the relative importance of different structuring variables upon the
ecosystem. Specifically, we found that velsipatiotemporal variation of infauna were
statistically related to tedown, middleout, bottomup and abiotic factors, the majority

of the observed variation was accounted for by structural variables (site, plot). This
suggests that the infaunal commigstand populations are relatively uncoupled from
measured biotic and abiotic factors. This is likely a result of high concentrations of
resources, as in resouspalse ecosystems, sustaining high densities of infauna as well
as limiting exploitative comggion. Based on our results and known features of
mudflats, we now hypothesize that the infaunal community at a mudflat primarily
reflects stochastic events, namely an assemblage of taxa that first recruit onto the

mudflat.
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The methods and result of ouudy can be applied to any system of interest. The
multivariate analysis presented here demonstrates a method to quantify (and not simply
rank) the associations between multiple variables and community or population patterns
in a single model. Such methoai® useful at elucidating which fine scale processes
dominate to create broad scale patterns. However, the considerable variation in
importance of the independent variables observed not only among taxa, but also
between taxa and the community analysigearcaution. Similar taxa may be affected

by different combinations of factors. Moreover, tasspecific trends may be

overlooked when the community is modelled as a whole. Management plans or
conceptual models that include only the factors influencingdh@munity may

overlook key taxaspecific relationships, possibly risking their effectiveness. More work

IS required to determin@ow this issudimits the usefulness of multivariate analyses of
community patterns. Regardless, the methods utilized hdrewvén applied to other
systems, expand our understanding of the variables and processes that structure
biological communities, as well as provide insight on how and why the relative

importarce of these variables changes.
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Table 3.1: PERMANCOVA determing which of the covariates and structural variables
were associated with the infaunal community change over space and time for Bay of
Fundy mudflats in 2002011. We used 99899 unique permutations. Significgmt

values are in bold. Only interactionstiveen structural variables and covariates that
were significant are presented. The detailed data &eifwing et al. (2015a)

Variance
Pseude component
Variable Type Source df MS F p (%)

Abiotic Exposure 1 68215 98.35 0.001 4.37
Exposure x Round 7 1651 291 0.001 0.57
Exposure x Site 7 7541 13.49 0.001 3.87
Particle Size 1 18872 1.21 0.358 0.23

Particle Size x
Round 7 2250 2.83 0.001 0.85
Particle Size x Site 7 1477 2.46 0.001 1.10
Penetrability 1 11842 1.44 0.241 0.38
aRPD Depth 1 8884 1.43 0.264 0.23
aRPD Depth x Site 7 1041 157 0.036 0.32

Biotic: Top- Sandpiper
down Footprints 1 8468 4.28 0.002 0.42
N. obsoletus 1 68222 9.04 0.001 4.30
N. obsoletus< Site 7 1053 1.82 0.005 0.35
Fish Bites 1 5071 3.10 0.02 0.24
Fish Bites x Year 1 2090 3.52 0.003 0.34
Fish Bites x Site 7 1533 2.35 0.001 0.53
Biotic: Bottom

up Organic Matter 1 33715 141 0.277 1.24
Chlorophyll a 1 23870 3.06 0.017 1.09
Structural Year 1 6879 255 0.077 0.68
Round 7 10280 3.60 0.001 4.68
Site 7 52501 31.44 0.001 31.59
Year x Round 7 1253 132 0.147 0.39
Year x Site 7 1484 2.67 0.001 1.29
Round x Site 49 1048 1.14 0.178 0.65

Year x Round x
Site 49 926 1.67 0.001 3.58

Residual(a.k.a.
Plot) 834 556 36.71

Total 1020
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Table 3.2: Summary results of the PERMANCOVAs determining wh
variationfor Bay of Fundy mudflats in 2008011.Values represent the percent of the variation accounted for by each independent
variable (i.e., variance components). The sign in parenthesis represents the ntureo(#/ t he Pear sonds correl a
bet ween t he r es pon svarialileaBmpty celis represensindépgndemtrvariabledn did not account for any of

the variation (in this situation, covariates were removed from the models, and structural factors were pooled). haopmiates fiqr

the analysis of Phyllodocidalgereididae or Nephtyidae, the middiat covariate for that taxon was not used. We useed996

unique permutations. *pO 0. 0HO B *0POO0*B®BE; however, only terms with ** ai
data are irGerwing et al. (2015a)
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Variable Type Variable C. volutator Ostracoda Copepoda Macoma spp. Capitellidae Spionidae Cirratulidae Phyllodocidae Nereididae Nephtyidae
Abiotic Exposure 0.28 (-)** 1.89 (+)*** 12.55 (+)*** 038 (+)*** 436 (-)*** 0.65 (+)*** 040 (H* 4.48 (+)r** 12.18 (-)***
Exposure x Round 1.45%== 1.68%**
Exposure x Site 4.41%== 0.99%= 4.04%== 3.64%%= 3.443== 5.25%%= 0.03%== 4.79%==
Particle Size 243 (-)**
Particle Size x Site 222%%*
Water Content 307 ()=
‘Water Content x Site 2 79%xx
Penetrability 275(H)*
aRPD Depth 1.92 (-)** 0.59 (+)*
aRPD Depth x Site 1.95%%*
Biotic: Top-down Sandpiper Footprints 0.98 (+)*** 056 (-)*
N. obsoletus 204 (H)* 325 (+)** 277 ()=
N. obsoletus x Site 0.83%* 1.47%== 1.09%==
Fish Bites 033 (H)* 0.21()*
Fish Bites x Year 0.71=*
Fish Bites x Site 2.13%%=
Biotic: Middle-out Nereididae 4.13 (+y=== 6.11(-)* 6.81 (+y*== 3.02 ()= 0.97 (-)* na
Nereididae x Site 1.43%%* 2.09%** na
Nephtyidae 3.26 (-)* 051 (H)* na
Nephtvidae x Site 3.00%== 4.05%== na
Phyllodocidae 392 (H* 3.79 (H)*** 918 (+)** 9.82 (+)*** 13.44 (H)*** na
Phyllodocidae x Site 2.28%** 1.08%* 1.19%** 1.39%** na
Biotic: Bottom-up Organic Matter 4.82 (+)** 271 (-)*
Organic x Round 0.99**
Chlorophyll a 115 (- 4.32 (4)** 3.62 (£)**
Structural Year 141%
Round 6.29%%* 1.06* 2.19%* 3.44%%% 2.15%* 5.82%%x
Site 17.27%*= 29.49%=* 11.49%= 9.72%** 28.51%%* 5.37% 24.83%%* 12.01%%* 23.02%%* 23.47%=*
Year x Round 1.75%
Year x Site 1.09%* 0.89% 1.95%*
Round x Site 4.29%%* 3.11%%* 7.84%%% 2.49% 2.23%%*
Year x Round x Site 5.85%x=
Residual 50.09 45.30 58.97 39.05 41.59 54.45 36.58 76.24 6131 52.38
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Chapter 4: Lines in the mud: diet reconstruction using next -
generation sequencing increases the known ecosystem usage by a
shorebird

4.1 Abstract

Molecular scatology and negeneration sequencing identified previously unknown
linkages among ecosystemnghe diet of Semipalmated SandpipeZslidris pusilld) in

the Bay of Fundy, Canada. During their annual migratory stopsaedpipers

consumed &vider range of prey itemthan previously thoughtlemonstrating that they

are generalist foragers. Our analysis identified several novel prey itehesitingthat
sandpipers consume prey from marine (pelagic and intertidal), freshwater, and terrestrial
ecosystemsConnections between sandpipers and freshwater as well as terrestrial
ecosystemsvere previously unknowrCurrent conservation efforts directed towards
sandpipers focus on beach and intertidal habitats. However, adequate protection of
sandpipes may need to consider freshwater and terrestrial systems as well. Not only do
these systems represent an understudied component of sandpiper diet, but they may also

represent potential pathways for the consumption of toxic chemicals.

4.2 Introduction

Molecular scatology, the use of molecular techniques to identify prey DNA in faecal
samples, is a nemvasive toolusedto elucidatediet (Deagle et al. 2009Using PCR
(polymerase chain reactions) techniques, this method can identify minute quantities of

prey DNA in faecal samples, often revealprgviously unknown prey iten{8owser et
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al. 2013. Asa n o r g diatinflsenc@ssevery aspect of its biology, understanding
dietis essential for conservation/megement plan@ryxell et al. 201% As such,

molecular scatology has strong applications in conservation science.

The decline of most North American shorebirds due to aptigenic influencehas led

to the suggestion that many species face increased extinctis(B@ket al. 2007

Galbraith et al. 2004 Thegoal ofour paperwasto examine theidt of a declining

shorebird, the Semipalmated Sandpigealidris pusilla), during its fall migratory

stopover in the Bay of Fundy, CanaBaue to its importance to sandpiper survival, areas
within the Bay of Fundy have been designated as a part of the Western Hemisphere
Shorebird Reserve Netwo(Bhepherd and Boates 199Blistorical studiesising

stomach content analyssiggested that while in the Bay of Fundgndpipersoraged
preferentiallyupon asingle, but abundant, prey species, the amphpmaphium

volutator (Hicklin and Smith 19791984). However, recent workising stale isotope
analysis and visual observatidmss shown that this shorebird consumes a broader range
of mudflat prey items than previously thoughtacDonald et al. 201Zuinn and

Hamilton 2012. To advance our understanding of feeding by Semipalmated Sandpipers

in the Bay of Fundywe use molecular scatology ttentify the rage of prey items

4.3 Materials and methods

4.3.1 Study sites and sample collection

We collected decal samplesf Semipalmated &dpipersn summer 201@nthree
intertidalmudflats in theupperBay of Fundy CanadgFigure 2.1) Avonport (AV),

Grande Anse ( GA), ,bothearlyrad/r3yAdgs GARZAuUgNMP:5( MP )
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Aug) andlate (AV: 22 Aug, GA: 23 Aug, MP:23Aug)i n t he sandpiper os
period(Hicklin 1987). Mudflats were chosebecause thegre visited by sandpipers

every yearGiven thepotentiallyshort time (estimated at 20-30 min)it takes food to

transit sandpiper digestive tra¢Benkowski et al. 1983 sipoura and Burger 1999

faecal samples were collected approximate®yHlafter sandpipers ceased roosting and

were foraging on the mudflarior to collection, draging sandpipers were observed

from adistance until they naturally relocatede then moved to where the birds had

been and immediately collected, with sterilized tweezers, 50 fresh faecal samples (the
brown digested matter at the center and on top of the uric acid), being attentive to not
touch the mudflat surface with the tweezémsmediately after collection, aécal

samplewasstored in 95% ethanalndwithin 12 hfrozen untiIDNA extraction.

4.3.2 Primer design and DNA preparation

DNA extracted from feces is often highly degradkdhn and Wayne 199 Deagle et

al. 200§ and since molecular analyses based on a single locus result in highly variable
coverage of diet compositigBowser et al. 2003 we used universal primer pairs that
target short fragments (13D0 bp) of two mitochondrial geneSQI: (Meusnier et al.

2008; and16S (Deagle et al. 20QY. We used a pooled massively parallel sequencing
(MPS) approach described Byritz et al. (2012)To facilitate the recovery and
identification of sequences obtaintdm individual fecal samplesve included a 10

base multiplex identifier (MID) tabetween the Ll 454 sequencing adapter (26bp

plus a 4bp signal calibration key) and the universal prid@s¢r CO1) in our custom
engineered forward and reverse priméiscal samples can contain significant amounts

of DNA from the host species due to the sloughing of cells from the digestive tract
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(Shehzad et al. 2012However, we did not attempt to block the amplification of the

host DNA duringPCR because several species of shorebirds forage on the mudflats and
we used the traces of host DNAuerify andlink the fecal samples to shorebird species.
Details of the primer design, including the MID tags used, can be foulBawser et al.

(2013)

Ethanol was removed from the fecal sd@s by decanting following 3®in of

centrifugation at 4°C. DNA was extracted with QlAamp DNA Stool Mini Kit

(QIAGEN, ON, Canada) following the manufactiddes pr ot ocol . Sampl es
amounts of fecal material were eluted with {8l of buffer AE instead of the

recommended 2@0. DNA was stored in 2ml microcentrifuge tubes2@°C until used

for 16SandCOI gene amplification.

4.3.3454 library preparation

Amplification of fecalDNA with 16SMID -tagged sequencing primers was achieved in
20ul reactions containingB undiluted template fecal DNA, 0.2mM dNTP (New
England Biolabs, NEB, ON, Canada), 1X bovine serum albumin (BSA; NEB, ON,
Canada), 5mM MgS&Life Technologies, ON, Canada), QM of each primer
(Integrated DNA Technologies, IDT, IAJSA), 1X High Fidelity Buffer (Life
Technologies, ON, Canada), and 1 unit of Platinufia®DNA Polymerase High

Fidelity (Life Technologies, ON, Canada). Thermocycling protocol&8began at

94°C for 2min followed by 35 cycles of 94°C for 30s, 55°C s, and 68°C for 45s,
with a final extension of 68°C forfin (C-1000'™ Thermal Cycler, BieRad, ON,

Canada). Amplification witlCO1followed similar component and cycling conditions
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as thel6S but the annealing temperature was dropped t6.4Succesful amplification

of individual PCR samples was verified by electrophoresis in 1.5% agarose and
visualized under UV light using SYBR Safe (Life Technologies, ON, Canada).
Amplicons were purified using the QIAEX Il Gel Extraction Kit (QIAGEN, ON,
Canada) ad the concentration was determined with dsDNA BR Assays on a Qubit 2.0
Fluorometer (Life Technologies, ON, Canada). Samples with amplicon concentrations
<1ngpl were reamplified using the same PCR conditions. Finally, the pooled library
was prepared bgombining 20ng of each of tH&SandCOIl amplicons and

concentrating to 35ngl in 150 PCRgrade HO using the DNA Clean &
Concentrato™-100 (ZYMO RESEARCH, CA, USA). The library was sequenced
unidirectionally on half a pico titre plate using the RoG&®FLX (454) platformat the

Genome Quebec Innovation Centre (McGill University, Montreal, Quebec, Canada).

4.3.4454 data sorting and MOTU identification

Raw read¢DNA sequencesyere imported to the CLC genomics workbench

(QIAGEN, ON, Canada) for dovetream sequence analyséke library was first sorted

by MID tag and then by locus based the first 5 bases of the piGA&CGA for 16S

TCCAC forCOl). Following the trimming of the MID Tag and primers, reads were
discarded if: 1) there were more thaar@ibiguous nucleotides, 2) had a minimum

quality score >0.01equivalent to a Phred score of 20), and 3) they were <30
nucleotides. Duplicate reads were removed to increase the representation of unique
readsFaecal samples containing DNA from shorebirdisenr than Semipalmated
Sandpipers were omitted from analys€i§,836 avian DNA sequences were detected and

54 faecal samples were omitted)
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The reads were assembled into contigs using the defaualbvoassembly parameters.

Both contigs and singletonswee consi dered as o6mol ecul ar o
(MOTUSs) and were searched in the nucleotide database of the National Center for
Biotechnology Information (NCBI, USA) using the basic local alignment search tool for
nucleotide (BLASTn) through thel@ GW. We used the following criteria to identify

candidate species in the fecal DNA samples: 1) 50 nucleotide minimum length of query
sequence, 2) 90% minimum fraction on length consensus between top hit and query
sequences, 3) 90% minimum identity betweop hit and query sequences, 4) and 60

minimum bit score of top hit sequence. Finally, the identification of each MOTU was
accomplished by matching the tbgg 16Sor COI MOTU with 69,614 genus and

305,936 species that were registered to taxonomy dagtaiidhe NCBI as of July 2014.

4.3.5ldentification of Corophium volutatoin faecal samples

Al t hough our main goal was to assess the
wanted to confirm the importance G@brophiumas a prey item for this species. Both
empirical and bioinformatics analyses indicated a mismatch betwe@Oth@imers

and the sequence @orophium volutator However, there was an adequate match with

the 16Sprimers but the public database did nont@inCorophium sppl6Ssequences

and our BLASTn searches failed to ident@grophiumin any fecal sample. To probe

our library furtherwe sequenced the short universésfrom 7 differentCorophium
volutator DNA extractions and constructed our owesiesspecific reference sequence

for this locus. Using the same settings in CLC GW described aboaigned all
demultiplexed and qualitrimmed16Sreads and6SMOTUSs (contigs + singletons) to

our C. volutator 16onsensus. As a resulie found67 of the 1,7736Scontigs and
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867 of the 6,14@6Ssingletons (11.8% of the 7,8a6SMOTUSs) matched to th&6S

consensus, positively identifying >100 fecal samples as conta@urgphiumDNA.

4.3.6Prey bins

To ease interpretation, DNA sequences were placed into the followindiatems: all
diatoms. Insecta Diptera: all flies. Insecta: Caddisflies, Mayflies, and Damselflies.
Insecta Other Terrestrial: ants, aphids, begttas bugsbutterflies mosquits, moths,
spittlebugs, wasps, booklicand unknown insects. Insecta Other Marine: intertidal
insects and marine lice. Arachnidgiders, ticks, and tickspideiGrustacea Amphipoda
Corophium volutatarC. volutator Crustacea Amphipoda Oth&ammarusspp.,
Eurythenespp., andschyroceruspp. Crustacea Ostracoda: all ostracods. Crustacea
Copepoda: all copepods. Crustacea Other: krill, sand fleas, crabs, cladomedans,
unknown crustaceans. Annelida: Polychaetes, oligochaetes, and unknown annelids.
Bivalvia: all clams. Gastropodall snails Nemertea: all ribbon worm€&nidaria and
Ctenophoranall hydrozoanscnidarians and ctenophoré&ssh:all fish. Nematoda: all

nematodes.

4.3.7 Data analysis

Data from botHL6SandCOl loci were combined tmaximize prey identificatiofnot
all samples amplified for both loci; Tablel). Frequency of occurrencE@O; number
of faecal samples a prey item appeared in divided by total number of samples) was

calculated for each prey bin.
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4.4 Results

The pookdlibrary, generated 38828total reads, of which 118,253 unique high quality
sequences were used for analyaitef excludingsamples with DNA from shorebirds
other than Semipalmated Sandpipesavell as low quality read$able4.2). We
assembled 7,921 and 26,189 unique MOTUs fron1@&andCOl data, respectively.
BLASTnN analysis of these data identified 131 uniqrey paxa.Surprisingly,
Semipalmated &dpipers consumed a variety of prey items (T4ldg not only from
marine(intertidal and pelagicgystems, but alsiweshwaterand terrestrial ecosystems
The most common prey iterather than diatomsyasC. volutator whose frequency of
occurrencemong times and mudflats ranged from3®%6. We observed several prey
items not previously identified for sandpipers in the Bay of Fundy: arachnids, crabs,
bivalves,several terrestrial and freshwater insect spefigds(likely eggs or juveniles),
and aidariangctenophoresFOO of prey items as well as the number of prey items

varied over time and space.

4 .5Discussion

Faecal samplesom Semipalmated Sandpipermsntained a widgariety of prey items
(Table 3) Historic interpretation of stomach content analym&ggested thatandpipers
foraged preferentially upo@. volutatorin this region(Hicklin and Smith 1979 and we
did observeC. volutatorin the majority of sandpiper faecal sampldswever, thisddoes
notsuggest selection or preference, si@cevolutatoris often the dominant resident of
these mudflat§Gerwing et al. 2015aA high FOO of themost common prey itemn

sandpiper dietvould be expected if sandpipers are generalist fosager
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This study expaned our understanding of sandpiper dietldging terrestrial

freshwater angelagic species to the list of potential pri#yks notpreviously

quantified for this specie&urther, weobserved several prey items (arachnidggestrial
and freshwater insect speciegbs, bivalves, fish, and cnidari&tenophoresnot
previously identified as preyWhile the proportion of sandpipeietithey comprise is

still unknown, our results suggest that sandpipers are consuming freshwater and
terrestrial prey items, as well as intertidal prey itefiss may suggest that sandpipers
will be resilient to changes in their environments, asgbetalists are more resistant to

changing environmental conditions than specia(iStiles et al. 2000

Our analysis identified diatoms in athmples, anthere is evidence that sandpipers
consume diatoms in this systéMacDonald et al. 201 Zuinn and Hamilton 2032

biofilm has been identified as a major diet component in numerous othersdiad
sandpipergKuwae et al. 2012 However, we cannot exclude the possibility that diatom
contaminatioroccurredwhen ces contacted the sediment. Therefore, whileresults

are consistent with other studies with respect to diatom consumption, they should not be
viewed asanindependent confirmatiotn addition nematodes may or may not

represent actual prey items. Nematodes may represent free living specaasiiep
(McCurdy et al. 1999 andamore complete reference library of parasitic and free living

nematode DNA sequereén this region is required to clarify this.

The observed connections between Semipalmated Sandpipers and marine (pelagic and
intertidal), freshwater, and terrestrial ecosystems raise the possibility that disturbances
or contamination of prey in any tfese systems may affect sandpipers. The marine

influences on sandpiperss well understood, but the link with terrestrial and freshwater
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ecosystems is novel. While the strength of this link is uncleamayaneed to consider
multiple ecosystems when atipting to protect Semipalmated Sandpipers, and other
shorebirds with similar ecologieNot only do these ecosystems represent a currently
understudied component of sandpiper diet, bataminated prey items may originate
from freshwate(Kraus et al. 2014 terrestriaHallmann et al. 2014 or marine
systemgSimmons et al. 2034 Therefore, bioaccumulation of harmful chemicals may
be occurring as sandpipers forage upon prey items found in the conflux of terrestrial,
marine, and freshwater systerhlawever, it should be pointed out tmablecuar
scatology is limited byhe presence/absence data it produagsvell as theeference
databank available for comparison. Therefore, the magnitude of the relationships

obsenred here requires further investigation.

How these noitraditional prey items were incorporated into sandpiper diet is currently
unknown, and more study is requir€deshwater prey items (mayflies, caddisflies, and
damselflies) howevermay have washed onto the mudflats through small streams that
discharge into the Bay of Fundy. Sandpipers also frequently forage near these streams in
the upper intertidal area, potentially picking up such items before reaching the mudflats.
Terrestrial pey items, on the other hand, are probably consumed opportunistically

during roosting (TG Gerwing Personal Observation) or as birds are moving off the

beach toward mudflats as the tide starts to recede. Pelagic prey items (Atlantic herring
flounder,unknown fish, cnidarians/ctenophores) likely represent eggs (or the smallest
juveniles), along with detrital remains deposited on the mudflats as the tide recedes, and

then consumed opportunistically bgndpipers
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4.5.1 Conclusion

Current conservation plansrfSemipalmated Sandpipers revolve around protecting

beach and intertidal habitat, as exemplified by the Western Hemisphere Shorebird
Reserve Networ kos wwo.whsra.org). ©tr results sypgestthati t i e s
protecting only beaches or mudflatayrbe inadequate. Terrestrial and freshwater

habitats may contribute to sandpiper diet and thus may represent potential sources of
contamination. Futureomservation plans associated with Semipalmated Sandpipers in

the Bay of Fundy should not only consigeotectingtraditional foraging and roosting

habitat, but also the surrounding terrestrial environpreerd freshwater waterways.

Given our findings, we recommend the use of molecular scatology in other systems to

investigate diet and potential consergatchallenges for similar species.
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Table 4.1:Summary of the number of successful amplifmas of prey DNA in faecal

samples of Semipalmated Sandpig@al{dris pusilla) from three intertidal mudflats in
the Bay of Fundy, Canada, in 20Fbr16SandCOl, and the two loci combined.

Sample Size

Sample Date 16S Col Combined
Site Early Late Early Late Early Late Early Late
AV 03 Aug 22 Aug 29 20 23 20 30 26
GA 02 Aug 23 Aug 26 8 23 5 28 24
MP 05 Aug 23 Aug 29 24 21 13 33 23
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Table 4.2Total number of reads (% total) and numbeMalecular Operational
Taxonomic Units (MOTUSs) identified by the analysis of the 389,328 raw reads
sequenced from the pleal library for prey items ingces of Semipalmated Sandpiper

(Calidris pusillg) sampled in August 2010 from three intertidal mudfiatthe Bay of
Fundy, Canada

Reads Remaining After Filtering de novoAssembly
: . Quality Control,

Locus De(mluét 'f;g)s(')ng DRupIicate Contigs Singletons MTOO‘:%S
emoval

16S 138,418 32,280 1,775 6,146 7,921

COl 235,675 85,973 9,095 17,094 26,189
Total 374,093 118,253
(96.1%) (30.4%)
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Table 4.3Frequency of occurrence (%) of prey item$does of Semipalmated Sandpip@alidris pusillg), identified by the
combination of two DNA loci (the mitochondri@lOl and169, from three intertidal mudflats ithe Bay of Fundyn 201Q Total
represents the frequency of occurrence pooled over sites andSanegle sizes are indicated in Table 4.1

Avonport Grande Anse Marybds Po
Prey Bin Total 03-Aug 22-Aug 02-Aug 23-Aug 05-Aug 23-Aug
Diatoms 100 100 100 100 100 100 100
Insecta Diptera 16.5 10.0 154 3.7 0 33.3 4.3
Insecta: Caddisflies,

Mayflies, and Damselflies 10.4 16.7 19.2 14.8 0 54.5 0
Insecta Other Terrestrial 13.4 10.0 15.4 14.8 0 9.1 17.4
Insecta Other Marine 7.3 3.3 0 0 0 21.2 0

Arachnida 6.7 0 115 7.4 8.3 0.0 13.0
Crustacean Amphipoda g5 83.3 65.4 96.3 95.8 18.2 91.3
Corophium volutator
Crustaceamphipoda
Other 6.7 3.3 3.8 0 4.2 33.3 21.7
Crustacean Ostracoda 7.9 3.3 0 0 0 12.1 4.3
Crustacean Copepoda 7.3 13.3 3.8 7.4 0 84.8 4.3
Crustacean Other 12.2 3.3 154 111 8.3 9.1 26.1
Annelida 18.9 13.3 11.5 14.8 8.3 6.1 21.7
Bivalvia 8.5 36.7 7.7 0 0 3.0 0
Gastropoda 31.1 73.3 46.2 3.7 0 9.1 21.7
Cnidariaand Ctenophora 9.8 13.3 11.5 3.7 0 3.0 8.7
Fish 16.5 26.7 30.8 7.4 8.3 12.1 17.4
Nemertea 1.8 0 0 0 0 6.1 4.3
Nematoda 1.2 0 0 0 0 33.3 0




Chapter 5: General discussion

In my thesis, | quantified interactions that structure asediment infaunal community,
utilizing ecological, statistical, and molecutachniques. | investigategightintertidal
mudflats spanning the entire upper Bay of Fundy, Canada. Study sites were sampled
every 38 weeks over two years (20@911), and | quantified the density of-18 taxa
(macrofauna and large meiofauna), as well-48 @biotic environmental viables.

While a web of connections was observed both withineandngbiotic and abiotic
factors, the structuring influence of these factors on the infauna was relatively minor.
Moreover, quantification of Semipalmated Sandpiper diet usingpgBgsequencig
revealed a broad range of prey items, and further elucidated connections between

terrestrial, marine (pelagic and intertidal), and freshwater ecosystems.

5.1 Relative importance of structuring forces of the infauna community

Models investigating faots that structurbenthic communitiefocus onenvironmental
conditions (abiotidactors), resource availabilitgpmpetition, predation, physical
disturbance, and supply of propagulgénderwood and Fairweather 1988enge et al.
1997 Ghasemi et al. 20)4My thesis quantified the structuring influenaiemany of
these forces upon an infaunal community. Specificalhgpfer 2 investigated the role
of winter stressors (wind, igaesence ansicour, dissolved oxygen contentthe
sedimenttemperature) on ovavinter community and taxapecific changelhe
infaunal communityappeared to be relatively resilient to winter stressorspaed

winter change appeared to $ieply a component of annual patterns of infaunal
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variation(Gerwing et al. 2015asuch as those investigated in Chapter 3. Chapter 3
examined the structuring influence of bictiop-down, middleout, bottomup) and

abiotic (sediment penetrability, particle size, water content, exposure, apparent redox
potential discontinuityaRPD)depth) factors to community and tagpecific

spatiotemporal variatiopearround Similar to Chagr 2, these factors accounted for

only a small portiorof the communityariation. Instead, structural factors (~79%) such

as spatial variables atbroadkilometres, Site: ~32%) arffhes cal e (106s of
Plot: ~37%) accounted for the majority ofseloved variation. When examined together

in both Chapters 2 and 3, the factors that strongly influenced the infaunal community
were unmeasured characteristics, predominapidyial andassociated with sites and

plots.

That the biotic and abiotic factoexamined immy thesisaccounted for such a minor
proportion of infaunal variation, therefore likely exerting a minor structuring influence
upon the system, was surprisingincepast studies have observed these factors
substantiallympacting similar system@mbrose Jr 19844991, Olafsson et al. 1994
Todd 1998. Winter stressoréStrasser et al. 200Thieltges et al. 20Q8Bittger et al.
2011), otherabiotic factorqStillman 2002 Lu et al. 2008Ghasemi et al. 20} 4top-

down predatiorfHeck and Valentine 200Hughes et al. 2014ohnson et al. 20)4
bottomup resource availabilitfDavis et al. 2014Schuldt et al2014 van den Hoff et

al. 2014, and middleout mesopredatof&Elmhagen and Rushton 2Q@Juijén and
Snelgrove 2008Greenville et al. 201¢have all been observed to exadontrolling
influenceupon othesystemsSpecifically for the Bay of Fundy, winter stressors (Drolet

et al, 2103b), as well aggdown and bottorup forcegHamiltonet al. 2006Cheverie

85



et al. 2014, have been observed to influence mudflat communities. However, past
studies operated on a much finer spatiotemporal scale (ar tme sites for short
periodg, suggesting that the impacts of these factors may be localized in time and space.
My thesis quantified the relative importance of these variables over a broader
spatiotemporal scalspggesting that these factors have a minor influence upon this
ecosystenas a wholeThe dichotomy between fine andarsegrained studiesuggests
that caution is required when extrapolating the results of investigatwchsding
manipulative experimentspnducted at fine spatiotemporal graiM&nipulative
experiments arexcellent at determining whether processes are occurring within an
ecosystem, but are less efficient at quantifying hawitiple processes interact to
produce patterns at largepatiotemporascalesEven weltconstructednanipulative
experiments are logistically constrained tnaallnumber of variable@Jnderwood
1996, cannot manipulate the full suiteiofsitu conditions and are limited in their
investigations of howelationshipshange over broad spatial and tengbscales
(Dayton 1971 Connolly 1994 Hamilton 2000 Cheverie et al. 2014ohnson et al.
2014. Therefore, a holistic understanding of the structuring role of a factor will rely
uponboth finegrained manipulativeand coesegrained mensurative studiesné&
grained investigations assess direct cause and eftextfifyingthe nature of this
procesdocally. Coarsegrained mensurative studjem the other hangjace this
process into the context of the ecosystem, quantifying its relative importance with
respect to other processes, and examining h@waries over timeral space. In other

words, mensurative studies conducted at broad spatiotemporal scales relate local
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processes togetherlucidatinggeneral patternthat structureentire ecosystems across

broad spatiotemporal scales.

Upon considering my combined resuttse mudflat infaunal community may reflect a
Afirst ¢ omearadigmas describedenr conemiirity succession models
(Connell and Slatyer 19F7.More specifically, the influence of dispersailday and
fecundity of infauna (commonly called supjsligle ecologyjnay be the predominant
structuring force in this systefnderwood and Fairweather 198®dd 1998 Hughes

et al. 2000Dahms et al. 2004 Under this scenario, presence/absemkdensityf
infaunaare directly relted to supply of larvator speciesvith a dispersive larval phase,
and juvenilesand adultdor speciesindergoing active or passive mowvent later in their

life cycle (Sutherland 1974Connell and Slatyer 197Bertness 200 7ilditch et al.

2019. If the dominant force driving community structure is supglindividuals

operating in conjunction with premptive competitiorfTilman 1994, | would expect to
observe no constancy in numbers of species, patterns of resource usage, and rates or
intensities of structuring processes over sgblcelerwood and Fairweather 198But a

fair amount of resilience over tim®ore work is neededowever, the results of

Chapters 2 and 3 art@lerwing et al. (2015a)ould be interpretetb support this.
Furthemore relatively random settlement of larvae, or arrival of juveniles or adults due
to hydrodynamicgUnderwood and Fairweather 198@ughes et al. 200@Weersing and
Toonen 2009Dahms et al. 201 #ilditch et al. 201bwould explain the high proportion

of community and population variation accounted foth®site and plot factorsm my

models(Table3.1). In areview of population variability versus reproductive mode,

Olafsson et al. (1994poncluded that larval availability (recruitment limitation) was not
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likely the dominant determinardf communitystructurein softsediment habitaf rather
postsettement factors wermore importantRecent work by Pilditch et al. (26
suggests thgiostsettlementispersal by juveniles and adyhehich is characterized by
continued, frequent, smadcale movements over Igmperiods and can dominate meta
community dynamicanay be particularly important in sedediment communities.
Studies orC. volutatorin the Bay of Fundy sugget$tat substantial movement by adults
and juvenileswithin and between mudflatsiay be occuing (Drolet et al. 2012
Bringloe et al. 2013Macfarlane et al. 2033®n the mudflats | studie@mallscale
movements occurring withisitesmay explain the large proportion of the community
variation accounted for by the pligrmin my analysisThe large proportion of the
variation accounted for by the stexm suggests that lary@ivenile, andadultsupply to
sites is also importantable 3.1 shoedthat the plot and site terms account for equal
proportiong(31-37%)of the community variation, suggesting that their influence upon
this system may be ofrailar strengthFuture studies should attemptftmther explore
the importance of thespatiatrelatedfactors instructuringthe infaunal communitgf

the Bay of Fundy.

5.2 Semipalmated Sandpipers as topdown predators

In Chapter 3| postulated that as our t@jmwn predators, including Semipalmated
Sandpipers, are omnivores, intraguild predation would result in limited suppression of
prey specieg¢Finke and Denno 2005This may partially explain the relatiydow
importance of toglown predation inhe soft-sedimensystem. This postulate was

further suppded by the broad range of sandpiper prey items observed in Chapter 4. Not
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only did sandpipers consume numerous intertidal prey items, but they also consumed
prey items from the pelagic, terrestrial, and freshwater water ecosystems. Such a broad
diet wouldfurther act to lessen the influence sandpipers exert upon the intertidal
infaunal community via toglown predationConversely numerous studies, mostly on

C. volutator have suggested that sandpiper predation may decrease prey populations
and potentiallyalter prey behaviouiBoates and Smith 197Boates and Smith 1989
Matthews et al. 199Boates et al. 1998cCurdy et al. 2000 However the actual
impacts sandpipers have upon infaunal residents is currently unclear theslteadth

of sandpiper diet, as shown in ChaptekécDonald et al. (2012ndQuinn and

Hamilton (2012) cowled with high prey densitig&erwing et al20153, the minor
proportion of infaunal community variation shorebirds accounted for (Chaptée3),
shortperiod of time sandpipers are present on these mudfatklin 1987), and tle

natural mortality experienced lryfaunapopulations during and after shorebird
occupancyGerwing et al. 2015cMore work conductedt bothfine and coarse
spatiotemporal scades required to further investigatiee role sandpipers play in this

system

5.3 Thesis limitations and r ecommendations for future studies

It is uncleathow applicable the findings of Chapter 3 are to other systems, including
other softsediment systems. Numerous studies have observed that the biotic and abiotic
factors nvestigated in this studgxerta controlling influenceipon other systems

(Ambrose Jr 1984&Commito and Ambrose Jr 1988mbrose Jr 19910lafsson et al.

1994 Todd 1999. The macrotidal nature of the Bay of Fu{d®esplanque and
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Mossman 2004&haw et al. 200)0represents an exceptiorabitat, controlled by
unigueassortment of biological and abiotactors. For instance, and unlike other soft
sediment systems along the &itic coast, the macrotides of the Bay of Fundy erodes
local cliffs to such a degree that sediment load in the videmalampides and

Rodriguez 200gis too high for large filter feeders to survive. This results in an infaunal
community mostly devoid of large filter feedesish as clams omusselgDashtgard et

al. 2014. It is possible that the infaunal communities of the Bay of Fundy mudflats are
dominatedo a greater degrd®y tidal factors (potentially explaining the high pootion

of the community variation accounted for by the site and plot term) than other systems.
Because of the particulaonditionspresent in the Bay of Fundy is unclear if studies
adopting my methods in other systems would observe the same teiidsotic and
abioticvariableswould account for a higher proportion of the community variation.
More studies are required, utilizing similar methods in different habitats, to determine

how applicable the findings of my thesis are.

A potential limitaton of Chapter 3 is the cose, withinsite spatial grain (1 plot per
straum), which maybe too coarse to detect figgainedspatialtrendsin biotic or

abiotic variablesThis is unlikely to have greatly impacted my findings because, as
detailed in Chager 3, theanalyzeddatasets a subset of another datgseth increased
spatial resolution: n = 3 plots per stnat therefore 12 plots per transect, and 24 plots
per site. Preliminary analyses revediéte difference in results between the two
dataets therefore| conductecanalyses on the coarser dataset (n = 1 peustiyathich

included lmth biotic and abiotic factors.
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Chaptes 2 and3 aremensurative in nature, ammhlike manipulative experimenthese
analyses identifgorrelatiors, notcause and effec potential compromise is to nest
manipulative studies within a mensurative framework. More specifically, to conduct
fine-grained manipulative studies at multiple sampling locations, or, sit@sg a
gradient of environmental factofShrush et al. 2000Previously, nanipulative studies
have been conducted on tm$&unalcommunity in the Bay of Fundy, often
incorporating gradients of biotic or abiotic variables such as predation or resource
availability (Hamilton et al. 2006Coffin et al. 2008Droletand Barbeau 200®rolet et
al. 2009 Cheverie et al. 20)4howeverthese experiments have been limited in both
space and timd=uture studies utilizing manipulative experiments at multiple study sites,
across gradients of environmental factors (such as sandpiper predaagrelp
elucidate the controlling influence,rass broad spatiotemporal scales, ofdogvn,

bottomup, and abiotic factorsn the intertidal mudflats of the Bay of Fundy.

Beyond investigatingarval supply to a siteand effects of postettlement dispersah

the Bay of Fundy intertidal mudflats, more work is required on identifying our broad
taxonomic groupings (polychaete families, Ostracoda, Copepoda) to species level. It is
likely that numerous cryptic species exist within these broad groupings, digpecia

within polychaete familie§Carr 2011 Carr et al. 2011 Closely related species with
similar morphologies can exhibit different environmental tolerances, and influence the
environment in divergent way¥ismann 1990 Queirés et al. (2013)bserved that

even closely related species can influence sediment in different ways via bioturbation.
Further,Murray et al. (2014¢oncluded that while it is possible to group species into

broad functional groups, mentsaip varies by the ecosystem function examined, and
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groupings do not correspond well to species taxonomy. Therefore, a greater
understanding of the diversity and identity of species would enable a deeper
understanding of thiateractions between and withbiotic and abiotic factons the

Bay of Fundy intertidal mudflatd.ow taxonomic resolutiofior some taxanay have
resulted inmy failing to quantify speciespecific responses to winter stressors, as well
as topdown, bottomup, and abiotic structurinfigrces. Increasing taxonomic resolution
would have improved the ability of these analyses to accurately represent-species
specific responses, and how these responses aggregated into ecosystem wide patterns.
Similarly, reanalysis of Chapters 2 and 3 uitiigzbiomasgBringloe et al. 201Bcould
offer further insights into how biotic and abiotic factors influence the infaunal
community.Finally, the bioturbation of benthic infauna is understudied in tned
Fundy. A study similar tQueirds et al. (2013% needed to quantify bioturbation

potential of individuhBay of Fundy infauna species.

Chapter 2 was limited by triifferentscales of investigation for biota (plot) and winter
stressors (site via aerial surveyBjfferent scales of investigatiomerenecessary as |

was only able to visit a single mudfledch day, and ice conidibhs varied greatly day to

day. Therefore, to obtain an accurate understanding of winter conditions throughout the
Bay of Fundy, aerial surveys every site within onédal cyclewere required.
Unfortunately, this resudd in a dsconnecbetweerthe scaleof collection forbiotic

data andor winter stressor data. If iqggresencgice scour, and temperature data had

been assessed at each plot and directly related to the irafitlinad patch, a stronger
relationship may have beebhserved between winter stressors and infauna changes

overwinter. However, theffectthis had upon Chapter 2 is likedynall given the
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minor population decreases (as well as increasea@claanges) observedver winter.
Regardless, future studies magint to combine aerial surveys to assess winter
conditions at broad scales, with quantification of winter stressors at a small number of
focal sites to assesi&rectcorrelations at the scale of a plot between winter stressors and

the infaunal community.

My investigation of winter stressors was only conducted over a single, relatively mild
winter, and severe winters woullely have a muclstrongelimpact upon intertidal
residentgCrisp 1964 Armonies et al. 20Q1Strasser et al. 200Buttger et al. 201)1

While it is impossible to predict winter severity, future studiesuldinvestigate the
impact of winter stressors on infaunal communities over several years in order to
elucidate howdifferentdegrees ofinter severity (icepresence anite scout
temperature) alter the findings reported in Chapt&uzh an understanding would help

clarify the average impact of winter stressors upon coastal systems in temperate regions.

With regards to Semipalmated Sandpiper diet, | suggest a study similar to Chapter 4, but
conducted on a finer temporal scale. Our samples were collected shortly after sandpipers
left the roost, so terrestrial and freshwater prey items were more liketydetbcted.
Collecting samples over the course of a tidal cycle would not only quantify the full
spectrum of prey items, but produce a more accurate representation of sandpiper diet
and how it varies over a tidal cycle. Investigating sandpiper diet egex laumber of

sites, and more frequently during thesit in the Bay of Fundy would also help

elucidate how the diet of this species varies over time and space. Future studies would
also benefit from increased resolution of prey items. This is onlylj@ssprey DNA

is compared to a more-oepth reference library of prey items found in the Bay of
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Fundy. Currently online DNA reference libraries such as GenBank and Barcode of Life
are underrepresented with regards to Bay of Fundy infauna. Creatiochod seference
library should be the goal of any future studies attempting to uspyt64equencing to

determine sandpiper diet in the Bay of Fundy.

Another potential limitation of Chapter 4 is related to the power of the selected method
of diet assessent. Molecular scatology can often detect the prey items of prey items, a
phenomenon referred to as secondary consum(ideagle et al. 20QBarrettet al.

2007, Deagle et al. 20Q Pompanion et al. 20)1lt is therefore possible that some prey
items may have been detected indirectly; howdw&uggest that secondary

consumption @l not greatly biasheseresults. Prey at low trophic levels (diatoms and

the invertebrates that consume them, such as copepods) would be more likely to be
detected through secondary consumption because they are food for higher consumers
(annelids). Howeer, these taxa are already well established in the distnapipers

(Baker 1977Hicklin and Smith 19791984 Quinn and Hamilton 20)2Further, when

the FOO of lower level consumers like copepods was high (Rad)ethe FOO of the

most likely sources of secondary consumption, annelids, were low. Lastly, some of the
more unusual prey items (e.g., insects, bivalves, snails) are unlikely to have been
consumed, except perhaps as detritus, by animals that sandpipensmly eat. While

it is likely that secondary consumption did oc€Bheppard et al. 2005t is unlikely to

have greatly biaseahy results.

Finally, a potential limitation of this thess the manner in whicktudysites (interti@l
mudflat) were selected. Site selectasbasedorimarily uponsilty mudflats visited by

Semipalmated Sandpipers in the past, @atbphium volutatopopulations in the past
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and secondarily oa history ofsitesbeing studiednd on accessibilityn practice, this
resulted in mudflats with more coarse sedin{eahdier sediment®eing excludedrom

my study Future studiesould includesites spanning a broader range of sediment types
(particle size) to determine if the observations reporteligitthesis are representative

of generatidal flats within the Bay of Fundy.

5.4 Implications of the work

Chapters 2 and 3 investigated thifuenceof winter stressors, as well as biotic and
abioticfactors yearround uponcommunity and taxapecific spatiotemporal variation.
The low relative importance of the investigated factors contributes to our theoretical
understanding of the forces which structure this, and by extension, other ecosystems.
Further, the statistical nteads presented in Chapter 3 are easily adaptable to other
systems, and their use in a range of environments wouldaf@ccomparisons of
results. These methodssoallowed me to use the entire infaunal community as a
response variable, as well as nuouer biological and abiotindependent variables,
over a broad spatiotemporal scale. Including the entire community and numerous
independent variableanalyzed across a broad spatiotemporal sotitrsa model

which produces more complete understandiof how the relative importance of
structuring factors varies over time and space, as walnasmgsystemsFinally,
statistical analyses which allow for partitioning of variation between structuring
processes representasefulmethodin investigating the relative importance of these
processeéMenge 1991Borcard et al. 1992 However, the use of the PERMANOVA

(multivariate ANOVA) framework provided by the program PRIMER, utilized in

95



Chapter 3, allowed me to adequately mdbe spatial and temporal structurenoy data

set. Therefore, when | investigated the relative importance of biotic and abiotic factors
in this model, the analysis takes into accduat controls fofi my samplingstructure

(site, plot, roundjClarke 1993Anderson et al. 2B, Clarke et al. 2008 By controlling

for these factors, the actual importance of the variables of interest can be more clearly

assessed.

Chapter 4 quantified Semipalmated Sandpiper diet and concludeshtitgtipersvere
foragingas generalistconsumingmarine, terrestrialrad freshwater preylhis suggest
that sandpiperarerelatively resilient to changes in their environments, as diet
generalists are more resistant to changing environmental conditions than specialist
speciegColles et al. 2000 Given the connections between sandpipers and these
ecosystems, future studies should condgidese systems as contributing to sandpiper
diet. Moreover, these systems may represent not only sources of prey, but also potential
sources of contaminantd/hile it comes as no surprise that the intertidal region is
influenced by freshwater and terredtegstems transport of nutrients, detritus,
contaminants, and sedimeiitthe connections observed here make an implicit link
between these systems and sandpipers foraging in the Bay of Expaysion of
conservation strategies beyond beaches and atgdfiay be necessary for this species.
With respecto methodology, | found that moleculscatology and next generation
sequencing were powerftdols toexaminethe diet of a single speciess well aghe
interactions occurring within and between ectays. More accurate measures of diet
componentand ecological interactions will greatly improve our abilityntd only

understand the ecosystems aroundusalsoto manage and protect theRinally,
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Chapters 3 and 4 suggest that sandpipers are exartmnor structuring influence upon
these intertidal systems, contradicting several previous st{Rbases and Smith 1979
Boates and Smith 198Matthews et al. 199Boates et al. 19954cCurdy et al. 200D
More studies, conducted ané and coarse spatiotemporal scalkesg environmental
gradientsare required to clarify the role sandpipers play in structuring this intertidal

community.

The need for informed ecological management and conservation will inaigease
humanrelatedclimate changéBarange et al. 20)4nd habitat
degradation/fragmentatiqirahrig 2003 are predicted to have increasingly agge

impacts on both ecosystems and the natural resources we rel\Mgmagement and
conservation efforts will beoresuccessful if we understand the ecological interactions
thatstructure our ecosysten&he interactions (toplown, bottormup, abioticmiddle-

out) studiedin this thesis, when contrasted with similar interactions from other systems
(Tilman 1996 Gage and Cooper 200Bracken et al. 2004 could offer general insights

into the types of processes, and their relative importdinatstructure biological
communities. However, betweatudy variation in methods limits oability to

compare studies and synthesize general theories. The methods presented in Chapters 3
and 4 are easily applicable to studies conducted in any ecosystem, potentially allowing
comparison between studidscreasing our understanding of the relatimportance of
these interactions in structuring individual ecosystexasyell aggeneral processes
spanning multiple systemwill helpprovide us withitheinformation needetb not only

predict variation in natural systenisjt alsohow human impacts may cascade through
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theseecosystems. Such an increased understanding may enableotsritally prevent

or remediate future degradation of our ecosystems.
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Appendix 1: Variation in winter variables and taxon -specific
densities across eight intertidal mudflats in the Bay of Fundy,

Canada
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Figure Al.1:Non-metricmultidimensional scalinghMDS) plot of the intertidal mudflat
sitesbased on winter variablés 20102011[specifically,variables related to ice, ice
scour,wind exposurdi.e., wind flag weight lossgir temperatureand the apparent

redox potential discontinuity in the sediment (aRPI&E paper for an explanation of
these winter variabl¢sEad symbol representssite(see Table 2.1 in the paper for full
site names)This plot resembleshe geographic magf the sites (compare to Figure

2.1), suggesting that sites closer together more similar teach other with regard to
winter variableshan sites further apaihe \ector overlay beneath tmdDS plot
represents correlatiorfBearson correlation coefficients®@tween winter variables and
NMDS axes. The vector for each winter variable shows the direction of increased value

across theMDS plot.
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Table Al.1:A distancebased redundancy analysitbiRDA) was used to determine the
proportion of themultidimensionabetweensite variatiorthateachwinter variable
(normalized)accountedor in winter 20102011 Variables not mentioned in thebta
(scour and wind exposure variables) did not account for a significant portion of the
betweenrsitevariation.Scour variables were strongly correlated with driftueeables
(Pearson correlatiocoefficients = 0.78.93), which may explain why they veenot
highlighted in this analysis.

Cumulative Variation

Variable % Variation Fitted Model (%)

Drift Ice Cover Variance 45.6 45.6

Crust Ice Cover Variance 26.4 72.0

Minimum Air Temperature 15.6 87.6
Average Drift Ice Cover 6.0 93.6

AverageAir Temperature 3.6 97.2
Air Temperature Variance 1.7 98.9
Average Crust Ice Cover 1.0 99.9
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Table Al.2: Results of ANOVAs (specificallg,values) for the effect of Site (8
mudflats), Season (prand postwinter) and Year (2002010 and 2012011) on

density of infauna (# rfy data transformed using legdatum +1) for all taxa, except
Corophium volutatarwhich did not require any transfoation) and taxa richness (#
taxa per core; no data transformation). The factor of interest to assess if there is a
significant ovetwinter change is Season and its interactions. This table supplements
Figure 2.3 and Table 2.5. Total Density is the sumlldbxonspecific densities, and is
an index for total ovewinter change, independent of taxa specific trends. df = degrees
of freedom in the numerator and denominator of tati. Interpretable and
significantp values are in bold, while nesignificantp values approaching significance
are in italics. When the-&ay interaction (Site x Season x Year) was significant,
separate analyses were done for each year. Results for the random effects of
Transect(Site) and its interactions are not presented.

Site Site x
2009 Independent Site x X Season Season
2011 Variable Site Season Year Season Year X Year X Year
df 2,8 1,8 1,8 7,8 7.8 1,8 7,8

Total Density 0.083 0.404 0.968 0.281 0.173 0.876 0.351
Richness 0.246 0.958 0.001 0.384 0.430 0.801 0.715
Phyllodocidae 0.001 0.013 0.041 0.038 0.029 0.211 0.313
Cirratulidae 0.001 0.023 0.001 0.084 0.001 0.044 0.247
Spionidae  0.002 0.060 0.160 0.007 0.003 0.638 0.007
Nereiddae 0.001 0.001 0.571 0.114 0.222 0.181 0.589
Nephtyidae 0.001 0.241 0.010 0.027 0.015 0.637 0.246
Capitellidae 0.001 0.689 0.007 0.034 0.121 0.001 0.002
Macomaspp 0.010 0.184 0.094 0.148 0.262 0.097 0.347
Copepods 0.001 0.655 0.027 0.342 0.095 0.914 0.022
Ostracods 0.001 0.070 0.264 0.647 0.291 0.989 0.558
C. volutator 0.001 0.020 0.001 0.376 0.057 0.152 0.601

2009 Independent Site x
2010 Variable Site Season Season
df 7,8 1,8 7.8

Spionidae  0.022 0.277 0.001
Capitellidae 0.001 0.102 0.001
Copepods 0.002 0.716 0.047

2010 Independent Site x
2011 Variable Site Season Season
df 7,8 1,8 7.8

Spionidae 0.011 0.568 0.162
Capitellidae 0.001 0.060 0.463
Copepods 0.003 0.555 0.030
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Appendix 2: Supplemental information for: Relative importance of
biotic and abiotic forces on the composition and dynamics of a
soft-sediment intertidal community
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Figure A2.1:Non-metric multidimensional scaling (nMDS) plots of the infaunal community composition on eigh
intertidal mudflats (a.k.a. sites) in the upper Bay of Fundy, Canada, and eight sampling rounds per year over t
(20092011). Each symbol represents arrage per combination of site and round. Rolinglarly June, 2: late June
mid-July, 4: early August, 5: late August/early Septembe@Qdiober, 7: December, 8: Matchhe stress is < 0.2,
indicating that the nMDS plots are adequattirBensional regesentations of the multidimensional situation. Vectol
overlays beneath the nMDS plots represent Pearson correlations between taxa and nMDS axes; the vector of
shows the direction of increased density across the nMDJ@tdiled information bthe population and community
dynamics can be found Gerwing et al. (2015a)
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Figure A22: Bubble plots of the nMDS plots from Figud.1. Bubble size represents
the magnitude of covariates (abiotic, {gwn or bottorrup variables) that accounted

for the highest proportion of the observed variation in the infaunal community (Table
3.1). Each symbol represents an averagecpenbination okite and roundUnits for
volumeweighted mean particle size of the sedimentinthetopdd | ayer ar e
density of the snalassarius obsoletusre number of individuals ¥ and for
concentration of chlorophyél in the top 23 mm of the sedimerid measure of benthic
diatom abundance) are mg?nDetailed information of the population and community
dynamics, as well as environmental variables can be fou@&emving et al.
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