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ABSTRACT

Salt marshesa@mong the worl dés most pr,ogrecti ve at
mostprimaryproduction terminates in detritus that suppatisndanforaminifera Salt

marsh foraminiferare indicators of modern wetland health asddfor sealevel

analysis inthe gedogical record. However, few studies have examihedeforaminifera

as living communities i ncl uding their role wenergy mei of ;
trander to macrofaunaBetter understanding would ala@ in selection of foraminifera

speciesdr highresolution palesealevel and systems traeinalysesBiotic controls on

the distribution and assemblages of foraminifera and meiofauna were studied for two
cookttemperate salt marshesNova Scotia: mature, mesotidal Chezzetcook, and young,
macotidal Windsor. Alaboratorymesocosm ran for two years and successfully
represente@€hezzetcook marskallowing yeafround sampling. 6raminiferawere more

abundant than at comparalfileld sites,and vertical zones linked to tidal inundation

accounted fothe assemblage differences, with modulation from sswalle biotic

interactions. 8uctural binary food websonstructed for each marsh had almost 300 taxa

and 6000 feeding links in higtesolution websLow-resolution webs overemphasise the
importanceo f vertebrates and un ©eeraljt@lonomict he A S me
resolutionis aprimaryfactor in interpreting sainarshtrophic structure, and analysis

should discriminate between highid and low marstmudflat zones. @ble isotops

(UC andi*®N) validated binary food web dasad showedew significant differenceim

isotopic signatures and foadeb propertiebetween the marshedespitelarge

differences in their tidal range and geological.adge omplexity of detritusbased fod

chains requiresaution wherusing stable isotopes ioterpretpaleoenvironmentsy

small isotope excursionk vivocultures and transmission electron microscopy of

common agglutinated foraminifera confirm that these species are dgathering,

sgprophagous bacterivores which outcompet®ccurring meiofauna in the middleigh

marsh zones. Adhesion and cryptiobility of these taxa may determine their value as

precise sea level tracers and reduce-pustem disturbance. Overall, the thesis ressul
showthate wor ki ng of detritus in the fAsmall foo
ecosystem, supporting secondary productivatgmass @nsfer,carbonstorage and

confirming the value of agglutinated foraminifera as sensitive gadatevel markers.
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CHAPTER 1: INTRODUCTION
1.1 General Introduction
Tidal salt marsesplay a vital role in global carbon cycling, protectiorsbbreline
erosion, and in sustaining a spectrum of wildlife that dependigh productivity of the
interface between land and ocean for their surviMitisch and Gosselink, 1992008
Bridgham et al. 2006; Doody, 200Costanza et al., 201$hepard eal., 2011 Kelleway
et al., 201Y. These marsheare lowlying, low-energyintertidal areas largely covered by
halophytic grasses and succulent herbs or shrubs that are submerged by sea water
regularlyand may receive variable amounts of freshwater figargenteringdrowned
valley systems (Adam, 2002; Scott et al., 2014). Despite the importance of these
ecological powerhouses, there is still little knowledge about the ecological and biological
interactions of the protozoan foraminifera and invertebreg®fauna that dominate the
sediments (Chandler, 198Schratzbergeand Ingels, 2017 These faunal groups are
oftenoverlooked in ecological studies modern salt marshedespite dependence on
foraminiferal fossil assemblages as records of paleoemagntssuch agpalecsea
levels (e.g.,Scott and Medioli, 1980a; Kemp et al., 204Bd paleoearthquakédg.g.,
Shennan et al., 1999; Hawkes et al., 2010; Hayward et al.,.Zairf)ermore, pst
studies of salt marsh ecologgvefocusedargelyon warme region USAand west
Europeammarshesd.g.,Teal, 1962; Pomeroy and Wiegert, 198tlam, 1993 rather
thancool temperate salt marsh&sch as those ddew England (Bertness, 1991), and in
Atlantic Canadavhere seminal studies (Scott and Medioli, 198Dagre made of salt

marsh foraminifera as ultsensitive markers of relative sea level change (RSL)



Saltmarstes occupy the spatetweerslightly lower tharmean sea level (MSL)
and mean higher high water (MHHWGQlfapman, 1960; Redfield, 1972cott efal.,

2014. They characteristically display a vertical zonation controlled primarily by duration
of tidal inundation (Scott et al., 2014)hezones areommonlysite-specificdepending

on tidal range, climate, marsh maturity, and sedimentationtbrateegionallytheyare
dominated by halophytic grass speci@sncipally Spartinain nonpolar, western

Atlantic regionsthat tolerge a specific rangef salinity,andwaterlogged oxygenpoor
soils(Roberts and Roberson, 19%&nnings and Bertness, 20&kott et al., 2014)n
general, hehigher above MSL the area(i®r examplemiddle and higlzones of the
marsh), thegreater the number gpeciess there is a greater pool of species thalemie
tolerant of fully saline water. Ese differencesiitoleranceesult invisible floral zones

that rangdrom microphytobenthos and filamentoatgal biofilms in the mudflats to
predominantlyfacultative halophyti¢errestrialherbs and shruba the high marsh border
(Chapman, 1960; Redfield, 1972; Mitsahd Gosselink, 1993; Scott et al., 2014)

terms of fauna, salt marshes are one of the few ecosystems that harbour terrestrial and
marine animals (Pennings and Bertness, 2001; Silliman, 2A8ltApugh latitude and
climate influence salnarsh animal aemblages and the role of tall grasses, similar
functional groups are found in all coastal wetlands.

More ecosystem services are provided by coastal wetthadsany other coastal
ecosystem (Gedan et al., 20@mura et al., 201Xelleway et al., 207). Salt marshes
are among the worl dés most prpvidiogdmportantve and
fisheries, nursery grounds and refuges for birds and fishégrotecton for coastal

infrastructure during ocean storms and tsungim, 2002; Gedan at., 2009;



Pennings, 2012Although the importancef marshe$or humans is commonly

emphasized, there has been a recent paradigm shift towards their ecological importance

(as stated isedan et al., 2009). For example, Costanza et al. (2017) arguduketieas

a greater need to shift to a Awhole system
In a recent studymore tharn350,000 salt marshegere countedah 99 countries,

totaling 5.5 million hectaregind in2002 Canada héamore tharl0,000 saltnarshes

coveringover 111,000 hectares (Mcowen et al., 20HOwever, salt marshes are under

threat, with257 50%loss by area globallgince the 18006Adam, 2002; Mcowen et al.,

2017).Nova Scotia has log5%of its salt marshesince the 1600snainl due to

European settlement on the Bay of Fundy wiessthan150 knf remains of an

estimated 400 kfn(Hanson and Calkins, 1996 his high rate of loss in the understudied

cooktemperate climate region of Nova Scotia, where tides rangeldnormesoticil on

the Atlantic Coast to the worl dobés highest

for future studies.

The loss of salt marsh results in reductiomgbortantsites for carbn storage. A
long-heldparadigm ighat salt marshes are major carlexportergo adjacent estuarine
communities (Teal, 1962), especially in termslissolvednorganic carbonIC; Wang
et al., 2016). The statements by Teal (1962), who maintains 45% of grass production is
immediately exported to nearshore communitiestge€onsumption, have been under
scrutiny for decades (Haines, 1977; Nixon, 1980). It has beenthecalculated that
70% of marshnet primary productivitfNPP) is directly respired, 20% NPP is exported
as dissolved or particulate organic carbon,a®d IINPP i s st ored in the

carbono ( Wang e 10%sés lfairly low2carldos gtored il salb rmagshes is



of key importanc€Chmura €al., 2003; Mcleod et al., 201.1Global estimates show that
salt marslttarbonstorage (<0.%n depth) $ approximatelyt30 Tg C,and there is a global
rate of carbon sequestration of 210 #§yr* (Chmura et al., 2003). Additionally,
carbonturnover ratas slowerthan in terrestrial systenfsundreds to thousands yegars
versus less than 100 yepthus further acting as a major buffer against anthropogenic
increasan atmospheric CePendleton et al., 2012; Kelleway et al., 2DBalt marshes
sequester carbon at®x greater rates than boreal wetlands (Mitsch et al., 20i63)o
their faster vertal accretion and greater ability to trap sediments and carbon (Mcleod et
al., 2011, Kelleway et al., 2017).

Salt marshes alsbold high-resolutionpaleoenvironmental records of deael
rise (Scott et al., 1980&emp et al., 2013, 20).7The integratd records of relative sea
level risein salt marsh sedimengsr ovi de stronger, | ess fAnoi sy
warming than do sesurface temperatuiastrumental record€Cheng et al., 2017).
Another paleoenvironmental importance of salt marshes isédanents record
earthquake precursor evemtbich areespeciallyimportant forareas without seismic
instrumentationKlawkes et al., 20055cott et al., 2014nd references thergin

The importance of several secemdier changes on salt marshes as el
biological and ecological communitigsoweverhas received little attention (Gedan et
al., 2009). In particular, littleonclusive informatioms available concernintpe
important smalscale interactions in the sedimeatdower trophic levelsLpps and
Valentine, 1970; Kuipers et al., 1981; Kneib, 1984; Cohen et al., 2003; Woodward et al.,
2005; SchmidAraya et al., 2016; Schratzberger and Ingels, 2017). These interactions are

key to the postnortem processing of grasses with their immenseagsgimproduction:



after death, >90% of the grass enters a relatively unknown decompositional and
detritivorous system in the salt marsh surfeedimenias initially outlined by Teal
(1962); Figure 1.1)

My researcladdresses thenknownson howcool tempeate salt marshes function
at the base of the food wetpecifically, what are the detailed roles of foraminifera and
meiofauna to this detritivorous systemf?swers to these questions valsist in
understanding energy flow from the highly productive gaswhich survive largely
unconsumedlirectlyin cool temperate regions, tioe larger invertebrates, fishes and
birds (Teal, 1962; Haines, 1977; Kuipers et al., 1981; Kreeger and N2@@Ql). The
rolesof the main primary food sources in the ecosydigrasses vs. microphytobenthos
andalgag have been under debate for many years (Haines, 1977; Galvan et al., 2008)
andarenot addressed hesinceboth sources enter the detrital sediment web, regardless
of individual contributions to productivity

Theorganicdetrituson and in the surface sedimémisalt marshess processed
principally bybacteria and fungwhichconvert the decaying plant matter into a form
that can be assimilated by small invertebrate and protozoan detritigeregll as larger
deposit and filterfeecers (Teal, 1962; Kuipers et al., 1981; Kreeger and Newell, 2000)
Energy is thus transferrdtbm micro to macrofaunal levels dhe food webandtiny
organismgplay a vital rolen the energy flow of a salt marstonsuning up t080% of all
organic material available in a tidal flat of the Wadden §ea ¢ fismal | f ood we
Kuipers et al., 1981Because of theirigh densitiesn the sediment, the totaleiofauna
which comprises marsh foraminifera andertebratesn the631 5 0 0 sizemange

mayyield larger production numbers thamcrobenthic animalée.g.,Lipps, 1983;



Moodley et al., 2008Meiofauna consume a wide spectrum of food sources (bacteria,
detritus, microalgae, other metazoans), and can provide up to 80&ochétlof larger
consumers, making them a vital link from the microbiota up the food chain (Lipps and
Valentine, 1970; Buzas and Carle, 1979; Gooday et al., 1992; Moodley et al., 2008;
Schratzberger and Ingels, 2017). Although the meiofaunal biomass rfesglikan 10%

of macrofaunal biomass at any given time, the meiofagonaunt forover 1.5x the

throughput and 2x the production of macrofaunar{udflats,Leguerrier et al., 2003).

However, as seen in Figure 1.1, meiofauna have rarely been defined-wdb studies

and are grouped as Adecomposerso or Adetri
energy flow in the system and uncertainties regarding the relative importance of

individual taxonomic groups, from foraminifera to flatworms. Exclusibmeiofauna

biases interpretations of ecosystem energy flow and dynamics in stream systems, and can
lead to erroneous interpretations of food web patterns (SeAmaygh et al., 2002).

Similar misinterpretations of connectance occur in salt marshes.
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Figure 1.1.Energyflow diagram in a Georgia, USA, salt marsh modified from Teal
(1962) and Scott et al. (2014). Entering as light input, only 6% of this energy enters the
primaryproduction chain (as 93% is used in high primary productien,
photosynthesi). Of the Spartinaproduction, almost 80% is lost as respiration, with only
22% making it to the consumers. Most of this 22% enters a detrital web, with less than
1% being directly consumed by herbivores. Of the 21% to detritus, almost 60% is
respired bybacteria aloneOnly 0.6% of the original light energy is exported from the
salt marstfood chain to the coastal ocean

Foraminifera are aabundant, therefore importasgmponent of the satharsh
meiofauna. They are unicellular, often testate profmsiad in all marine and most
brackish coastal environments, with worldwide occurrences that date to the Cambrian
(Buzas and Culver, 19910his long geologic history, with high evolutionary rates, good
preservation potentighgglutinated speciesand eae of collection and storage makes
foraminifera ideaknvironmentabioindicators (Barbieret al., 2006)The importance of

benthic salt marsh foraminifera for reconstructing coastal paleoenvironments and sea

level (Scott et al., 2001, 2014asfirst deermined from higfresolution studies in
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Chezzetcook Inlet, Nova Scotia (Scott and Medioli, 198Daheir vertical distribution

in a tidal marsh corresponds to elevation above sea #\@ljing a paleesea level
estimate with an accuracy 8% cm (Sctt and Medioli, 1980aMost studieof
foraminiferafocus on their taxonomy, assemblages and distrib@fiomold, 1974;

Gooday et al., 1992) and the validityesfvironmental interpretations based on relating
generalized modern distributions to abiotmditions remaimunverifieduntil the

biological factors thainfluenceforaminifera are understood, including their complex
feeding habitsNlyers, 1943; Arnold, 1974; Gooday et al., 19@&]dstein 1999;

Mojtahid et al., 2011)Few studies have lookedmeiofaunal and foraminiferal
interactionge.g., Dupuy etal.,201@nd, despite an fiurgent
this theme (Cesbron et al., 20,169 major study has emerged sit@eandler(1989. In
that1989study, braminifera, harpacticoid pepods, and nematodesre95% of the
meiofauna andonsumednough detritus and bacteria to void the sediment of nutrients,
emphasizing their ecological importar(€@handler, 1989)Thisthesisaddresses the

important knowledge gapnly ever examinetdy Chandler.

1.2 Study location and evolution of thesis

Two salt marsh systems in Nova Scotia, Canada (Figurevér)selected for study
Chezzetcook Inlet washoseron account of the lonigaseline of abiotic data collection
and highresolution recordsf foraminiferal assemblages and their Holocene history
(Scott et al., 1980a). Chezzetcook is a mature (5000 years) salt marsh on the Atlantic
Coast, and has a surface elevation of approximatel\ASL, and slow modern

sedimentation ratédere we defingt as mesotidal, although it would be classified as low

nee



mesotidal following Hayes, 1975, 19My second system theWindsormarsh,a
young (50 years), macrotidal salt marsh in the Minas Basin of the Bay of Fundy. This
marsh exhibits high sedimentaticates due to creation of the Windsor Causeway in

19681970 (Van Proosdij et al. 2009). It has a surface elevation & m ASL.

UNITED STATES OF AMERICA

NEW BRUNSWICK

Figure 1.2.(A) Map of Canada, with (B) showing enlarged red box. Locations of
Windsor and Chezzetcook Inlet marshes aval Scotia shown in (B).



The original intention was to examine benthic salt marsh foraminifera as living
communities, in order to assist higksolution sedevel studies and environmental
monitoring. However, it became increasingly apparent that a brecller approach was
needed to explore effectively the sediment ecological dynamics of foraminifera and biotic
controls on their distribution and assemblages. In addition to foraminifera, the marsh
Asedi ment 0 includes ass oc¢whzhneead tommeeincladeca una a
in any realistic analysis of habitat, connectivity and endéigy. Remarkably, after
decades of detailed studies of marsh plants, macrofauna, and standing stocks of
foraminifera, the fsuitbimdensitonal conspartsnerdiyl | cons
many researchers, although it is clear that vegetation distribution and height plays a large
role in trapping of suspended sediment and the fawsuppgorts (Stumpf, 198&hen et
al., 2016).In salt marsh sediments, thggh abulance of foraminifera impliehat they
play a large and probablandamental role in the conversion of phytodetrital energy for
the salt marsh food web, but thikeahas nobeen rigorously tested inhagherlatitude
cool temperate marsh with harsh ventonditions, as most studies have occurred south
of Nova Scotia€.g.,California, USA: Bradshaw, 1968, and Phleger, 1970; Florida,

USA: Buzas, 1978, and Weinmaand Goldstein2016).

This thesigs divided into four independent brglatedtopics conerning salt
marsh ecology and foraminifera. These éit¢ the developmerand validatiorof a
laboratory mesocosm salt marsh to examine seasocald trends in community
composition of foraminiferareplicating Chezzetcook Inlet assemblages and
distribuions; (2) development o$tructural binary food webs f@hezzetcook Inlet and

Windsor Causeway salt marshes at different levels of taxonomic resolution and spatial

10



distinction;(3) validation of these food webs usitigC ~ v'¥\ stable isotope analysis;

and (4 feedingand biomass analysis pertaining to living benthic agglutinated salt marsh
foraminifera. Collectively, the four topics, which are outlined in more detail in the next
section, provide the first compreheresbiological analysis of foraminifera and

associated meiofauna in a cool temperate salt marsh in an attempt to better understand the
ismal | fDeterdiningehl factors that control the dynamics of the often

mentioned, but rarely studied, meiofalpapulationswill increaseour knowledge of

their ecological niches and their roles in the temperate salt marsh foodmveb,

application tocurrent, future, and past environmental changes.

1.3 Chapter outlines and objectives
Chapters 2 through 5 aveitten as stan@dlone papers, for submission to pesviewed
journals. Because of this format, soaspects are repeated in each chapter.

1.3.1Chapter 2: Development of a salt marsh mesocosm to study spatio
temporal dynamics of benthic foraminifera
Abiotic factors that govern the assemblages and distributions of key indicator salt marsh
foraminifera are wellinderstoodBarbieriet al., 2006, Strachan et al., 2016).
Chezzetcook Inlet provides decades of backgraaadarch omassemblagemked to
abidic factors but little is known about biotic controls on foraminiferal distribution
Cesbron et al. (2016) pointed out the urgent need to understand biotic controls on living
foraminiferal populationsand Kemp et al. (2017) stresgbdt ecological insigts into
saltmarsh foraminifera are needed to improve the quality of foramirifasad

reconstructions afelative sedevel.
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An importantstepto addressing knowledge gapsbidtic controlsinvolves
designingand validating a representative laboratorgsocosm. Chezzetcook Inlet isain
cool, temperate climate zone prone to prolonged winter freezing and ice conditions,
which precludes regular yeasund monitoring. Mesocosms assist in addressing complex
problems beyond the scope of srsadlle laboraty studies but too difficult fom situ
field analysis (Pennington et al., 2004dleveloped a mesocosm salt marsh in the
Aquatron Facility at Dalhousie University to monitor foraminiferal assemblages and
distributions with greater regularity and undesrenrigorous controls than field sampling
allows.

The chapter addresses the knowledge gaps in three wagles{dhing a fully
functioning salt marsh mesocosm for a emrhperate ecosysteima laboratory setting
to allow yeafround access for sampliod foraminifera and associated meiofauna; 2)
rigorously testing ithelaboratorymesocosm shows similar foraminiferal assemblage
patterns to field samples; (3) assuming a successful outcome of the laboratory mesocosm
experimentusinga mesocosm to monitaneiofaunal biotic effects (predation and

competition) on foraminiferal assemblages.

Jen FralGauthier is the primary author of the chapter. Other contributions are
from David Scott for experimental design. H@ihuthier collected and analyzed all
sampes, carried out statistical analyses, and created all figures. Supervisory committee

members provided manuscript advice and helped address key concerns and questions.
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1.3.2 Chapter 3: Taxonomic resolution and tidal gradients in food webs for
two tempeate salt marshes: how much detail is enough?
Foodweb analysis is a robust and informative wagddresstructural and functional
differences in ecological communiti€Bhe analysigan determine how community
structure changes along geographical andrenmental gradients and in response to
anthropogenic disturbance.g.,Vinagre and Costa, 2014; Tao et al., 2015; Wood et al.,
2015).Studies in salt marsh ecology commonly consider the ecosystem as a whole. They
need also to examine separately the k#gl zones from mudflats to the high marsh, each
of which has different primary producers and a gradation of marine to terrestrial
consumergVinagre and Costa, 2014).

The chapters the firstattempt at creating salt mar&fod webs that include the
meidfaunal species whictomprise a large part of the benthic sedinaamt process most
of the basal marsh producti¢gsee Coull, 1973). Foraminifera exploit phytoplankton or
detritus, whichever is in highest abundance (Lesen, 2005). They form a vital tofhic
in marinecommunities and are known pref/fish, most meiofauna, and small

macrofauna (Lipps, 1983; Culver and Lipps, 2003).

The chapter compares two different salt marshes in Nova Scotia (Windsor and
Chezzetcook, Figure 1.2B) by using food webexplore differences in ecological
structure and function. We address (1) the amount of taxonomic detail needed to capture
ecosystem structure, that is, how importaxbnomic resolution dbraminifera and
meiofaunads to the food welvesolution (2) theimportance of spatial gradients for whole
marshes and their separate tidal zones; and (3) differences in food webs for the young,

macrotidal marsh at Windsor Causeway in the Bay of Fundy, and for the old, mesotidal
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marsh at Chezzetcook Inlet on the Atlar@ioast. This is also, to our knowledge, the first
high-resolution species list created for either of these two marsh systems, and one of the
first to provide this level of detail anywhere, except for the detailed parasite web of
Lafferty et al. (2006) irCarpinteria salt marsh, California. The modern feabs can be
compared to fossil records in wgteserved marsh sequences from Cretaceous through

Tertiary time.

Jen FralGauthier and Tamara Romanuk designed the study-Gaaithier and
undergraduatetsdents did sample collections, and Fduthier verified species
identifications. Fra#Gauthier created all binary food webs and analyzed them
statistically. FralGauthier wrote the manuscript, with reviews from supervisory
committee members. Statisti advice for statistical software PRIMER was provided by

Dr. Vladimir Kostylev from the Bedford Institute of Oceanography.

1.3.3 Chapter 4: Use ofii'®C  a r°N stable isotopes within and between two
temperate salt marshes in Atlantic Canada to examipatterns of food web structure
and function

Binary food websncludeoverall predateprey dynamics but cannot quantify or
capture this information in the sediment record. Here, we tackle this problem by
examining stable isotopes (SI) for tieeeprimary food sources\{asculamplants, algae,
sediment organic matter) and f&mallconsumers (mostly foraminifera, meiofauna, and
small invertebrates) dhetwo temperate salt marshes in Nova Sc¢atrelysingnudflat
to high marsh zones. These Sl analysesaausefutool for investigating trophic
interactions of animals and their food sources (Peterson and Fry, 1987; Post, 2002;

Claudino et al., 2013), tracing carbon sources (Canuel et al., C88%jra and Aharon,
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1995;Connolly et al., 2005) and deternmg organic matter (OM) sources in

heterotrophic organisms and sediments (Coffin and Cifuentes, 1999; Goii and Thomas,
2000).Stable isotopealata derived from fossil plant and animal material are used to infer
paleoenvironments and to correlate geologieabrds.They alsacanclarify the detritus

based food web structuset out in Chapter 3.

Stable isotope analysis addresses{tmmm feeding patterns arfidw of organic
matter through the food weln contrastfeeding studies and gut content analyges a
snapshot of consumer feeding relationships, especially in systems dominated by
omnivorous and detritivorous lowdavel consumers (Schmiflraya et al., 2016)The Sl
analysis contributes to an ongoing debate (Park et al., 2015) about the traphbic rol
basal sources and consumers and how their energy production moves to the larger fauna
in the ecosystenT.he highresolution stug in this chapterexploresconstraints on using

Sl datafor paleoenvironmental interpretation in fossil records.

The main $related topics examined for the two salt marshes are (patterns
and magnitudes of variability in the C and N stabtgopic composition of the plants,
organic matter (OM$ources, and meiofaunal to small macrofaunal communities,
collected from alhabitat typesand (2) theelative importance df h e  ffopdweeld |

components across salt marshes with different tidal regimes and across tidal zones

Jen FradGauthier and Tamara Romanuk designed the study-Gaaithier and
BSc Honours student EiyiBaker collected, analysed and identified all organisms and

prepared samples for Stable Isotope Analysis. f&gailthier and Baker analysed data and
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Frail-Gauthier statistically and graphically separated the data-Gaaithier wrote the

text, with revews from supervisory committee members.

1.3.4 Chapter 5: Mesocosm and microcosm experiments on the feeding of
temperate salt marsh foraminifera
Foraminifera arémportant biostratigraphic tools and key proxies for interpreting the
paleoecology of anci¢seas and fluctuations in relative sea level (RS13ny basic
guestions about feeding, growth and reproduction remain unresolvedhrsieeglier
work of Arnold (1974), particularly for agglutinated marsh species and other benthic
foraminifera (Kitazatand Bernhard, 2014Most studies examine environmental
variables, which are considered to be the key controls on the distribution of foraminifera,
but ecological variables may drive the species gradients, assemblages and distributions
(Kemp et al., 2017)}or example, the notoriously high patchiness of foraminifera (Lee,
1974) may be governed by food availability, feeding methods, competition with
meiofauna, commonigited abiotic factors (salinity, elevation; see Chapter 2), or a
combination of thesdrevious conclusions on behavioural, feeding, and biotic
interactions of As al applytoa restrictedopartrof theitotal f or a mi
assemblagémostly calcareous mudflat speciesy.,Ammonia Pascal et gl2008). They
fail to consider mostf theagglutinated species that are widespraadsshe salt marsh,
often in high abundances.

Chapter 5 considers three topics related to agglutinated salt marsh foraminiferal
biology: (1) identifying inexpensive, loimaintenance, neterminal methodsadr
distinguishing living organisms in a mesocosm culture setting; (2) using Transmission

Electron Microscopy (TEM) to investigate feeding modes in agglutinated foraminifera, to
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elucidate and validate conclusions in Chapters 3 and 4; and (3) exploringgfaadits
of salt marsh foraminifera and their overall importance, in terms of biomass and
abundance in the salt marsh sediments. This set of observations will contribute to a fuller
understanding of agglutinated and key calcareous salt marsh foramireggahses
within their ecological niches, as well as their response to environmental changes
affecting their food sourcemnd elevational distributioT he results also address the
contribution of meiofaunal biomass to carbon budgets and sediment el f
This studywas deelopedby Jen FradHGauthier, with initial guidance and advice
from David Scott. FrailGauthier created culturing and feeding experiments and
examined TEM images. Alastair Simpson supervised the TEM preparation. Frail
Gauthier analsed data and wrote the text. Peta Mudie provided light micrographs and
interpretations of foramiferaform and feeding behaviour, andmmittee members
provided valuable insights and comments to the structure of the chapter.
1.3.5Chapter 6: Conclusionsprovides a synthesis of the findings of Chapters 2

T 5, addresses caveats of the studies and raises key points for future research.

1.40verview

A key objectiveof this thesigs to expand knowledge of trophitteractionghat
influencethe spatial antemporal population dynamics cboktemperate salt marsh
foraminifera. Understanding these dynamics is arpgeisite forfuture development
afterthe pioneering Quaternary palsea level studies (Scott et al., 2001 and references
therein).l tackled hese unknownr modern environmentissing a variety of

interdisciplinary methods which bring together geological and biological information that
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is often disconnected in studies of salt marshes and foraminifera. Comprehensively, these
chapters examine rfdhe first time the biological dynamics of salt marsh foraminifera,

and fill a major, longerm data gap in the field.
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CHAPTER 2: DEVELOPMENT OF A SALT MARSH MESOCOSM TO STUDY

SPATIO-TEMPORAL DYNAMICS OF BENTHIC FORAMINIFERA

2.0 Abstract:

Abiotic contols on salt marsforaminiferaassemblageare wellunderstood, especially

for paleoenvironmental interpretations, but few studies have addressed the biology of
foraminifera and associated meiofaufia.address this, we designatiboratory

saltmarsh mesmsm to allow frequent sampling of living salt marsh foraminifera,
replicating high and lowsalinity marsh areas of Chezzetcook Inlet, eastern Canada, in a
temperate region with three months of winter freezing. To make a rigorous assessment of
how well the mesocosm replicated the natural salt mate mesocosm foraminiferal
assemblages and associated meiofauridb(30 e m fracti on) were cor
with field datasets collected in 1976 to 1978. Total (living + dead) foraminiferal
assemblages from four tidal mesocosm zones show thfatrétmeiniferalpopulations are

more abundant than in comparable field sites, but species diversity is similar. Overall,
few differences were noted between 1970s field data and the frequently sampled
laboratory marsh samples over two years. Consistentlghigesocosm total

abundances may reflect the absence of winter ice simulation. Other differences may be
related to limited laboratory simulation of salinity fluctuations in the field where stream
flow is variable and precipitation adds another variablehMihese environmental
limitations, the mesocosm successfully replicated zonal distributions of foraminifera and
relative abundances of dominant species, and the laboratory system provides a reliable
platform for future experiments on faunal responsespézific changes, including

temperature and nutrient enrichment.
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2.1 Introduction
2.1.1Salt marsh laboratory mesocosms
Tidal salt marshekave a global occurrence anaveimportantenvironmental value
There is docus on theide-controlled zonatiof dominant species that include grasses,
invertebrates, and foraminifera (Scott et al., 20%4lt marshesare studiedor
investigating changes modiversity (including invasive species), nutrient dynamics,
carbon cycling, and potential for bufferisgoreline erosiorBoft waterlogged mudflat
substrates are only accessible at low thelboreal andArctic marshes are remote and
commonly frozen for several months a year, precluding regular and frequent sampling
(Scott et al., 2014).

To compensate fahese difficultiesn accessibilityl designed and constructed a
laboratory salmarsh mesocosm to explore biological interactiemmd the role of
physical parameters, with applications to-sadtrsh restoration, climate change, and sea
level rise. Selcontained mesocosms can also be valuable for testing the impact of
pollution without damaging the wetland ecosystem and adjacent ocean, such as the effect
of herbicide on saltnarsh plantsl{u et al., 2005) and the effect of desalination effluent
on seagpsses (MariiGuirao et al., 2011)Mesocosms are experimental systems 1 m
to ca. 5 rin area, thus cacontain multiple trophic levels of interacting organisms. They
canmaintain more ecological complexity than microcosms, and are less expensive and
more timeeffective than wholeecosystem studies (Odum, 1984; Ahn and Mitsch, 2002).
Scott et al. (2014) reviewed the use of experimentahsatsh mesocosms for planning

restoration, exploring storage lafie carbon(as defined irMcCleod et al., 2011),ral

20



filtering terrestrial runoffFor this chapter, the mesocosm focus is on salt marsh
foraminifera, rather than environmental experimentation.

2.1.2. Salt marsh foraminifera

Foraminifera are testate protists found in all marine and brackish envirawéht
worldwide occurrences that date to the Cambrian (Buzas and Culver, 1991). Benthic salt
marsh foraminifera are particularly useful for reconstructing coastal paleoenvironments
and sea level (Scott et al., 2001, 2014)

Marsh foraminifera (both assetabes and indicator taxa) are used to reconstruct
past sea level because their vertical distribution in a tidal marsh corresponds to elevation
above sea level, giving a paleea level estimate with an accuracybfcm (Scott and
Medioli, 1980a). Moreovemostmarshforaminifera are arenaceo(eggglutinatedpnd
they preserve well in the lowered pH of marsh sediment. In ecological studies, living
foraminifera provide a qssessingfhowm@amitiferanpor ar vy
assemblages represent pastironments (Camacho et al., 2015). For example, they can
be used as proxies for harbour pollution history (Dabbous and Scott, 2012) and for
monitoring thermal or toxic effluent (Scott et al. 2001; McCann et al., 2017). Marsh
foraminiferaare abundanthousands) in 10 ml sediment samples, yielding statistically
significant populations (Phleger, 1960) and allowing compact storage of samples (Scott et
al., 2001).

2.1.3. Objectives
Cesbron et al. (2016) pointed out the urgent need to understand biotalsconthiving
foraminiferal populationsThe work undertaken for nyesisfollows this directive in

seeking to better understand the mwiiédoraminiferain the food web (se€hapters 3 5)
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and evaluateurrent, past (paleoenvironmental) and future charfBapaspyrou et al.,
2013).

This chapter addresses three main questions: (1) Can dumndiifoning salt
marsh mesocosm for a temperate ecosystem be created in a laboratory setting to allow
yearround access for sampling of foraminifera and assocra&gdfauna? 2) Does the
mesocosm show similar foraminiferal assemblage patterns to field samples? (3) Can a
mesocosm be used to monitor meiofaunal biotic effects (predation and competition) on
foraminiferal assemblages?

In order to utilise a laboratory saharsh mesocosm, the system must be shown to
replicate a natural salt marsh with a reasonable degree of confidence. To assess the
degree of confidence, a rigorous statistical comparison was made between mesocosm
data and data from two field transects hegzetcook Inlet. To answer quessdrand 2
foraminiferal data for the mesocosm and field were compared by season and by elevation
zone with respect to tidal inundation, based on the total abundance of all foraminifera and
the relative abundance of kegxa. To answer question 3, the body of data was assessed
gualitatively(see Chapter 8p evaluategenericsimilarities and differences between the
mesocosm and the natural marsh.

2.2. Study area and mesocosm

Chezzetcook Inlet is a tidal wetland locateé km east of Hal i f ax
on the Atlantic shore of Nova Scotia, and is approximately 7 km long and 2 km wide
The area is inundated with diurnal mesotidesi@ /) twice daily, filling and draining
through a series of channdihysical paameters were described in detail by Scott and

Medioli (1980a, b) and Chagw@&off et al. (2001).
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The inlet shows a characteristic vertical zonation of vegetation that is determined
by the sediment height above mean sea level and the tidal range (Chapétargcott et
al., 2014). High, middle and low marsh zones are characterized by distinctive floras,
dominated bySpartina pateng the high marsh zone agpartina alterniflorain the low
marsh zone. Sedimentation rates have been measured as $r3 inrthe middle marsh
zone (Scott and Medioli, 1980aind 2.8 mnyr* by Chmura and Hung (2004)

Chezzetcook Inlet has been a key study location for benthic salt marsh
foraminifera since the late 1970s. However, the temperate marsh experiences winter
freezng and snow cover, making it impractical to study foraminifera for up to three to
four months per year. Previous studies (Scott and Medioli, 1980b, ifitf8) Rave data
gaps of multiple months every year. Biological studies of the microfauna are also
disrupted during these times as foraminifera are difficult to maintain in microdasms
long periodgpersonal observationJo fill these data gaps, a mesocosm was developed
to simulate the Chezzetcook marshr el i mi nary trials uw#h ng Afi
recirculating seawater were unsuccessful. In 2005, a larger mesocosm with a continuous
flow of harbour seawater, as well as simulated tidal and light cycles to maintain a year
round marsh, was set up in the Aquatron Facility at Dalhousie University

(https://www.dal.ca/dept/aquatron/about.htrflo our knowledge, this is the first large

scale laboratory salt marsh designed to allow-yeand culturing of foraminifera.
Validating a mesocosm isportant for experimental work (Pennington et al.,

2004). After establishing the feasibility of the system, a subsequent (2010) laboratory

marsh was constructed for regular surface sampling from marsh zones and $cafene

monitoring of foraminiferaad associated meiofauaa addressed in ChapterThese
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data are needed to investigate the faunal community, including taxa with functional
groups and trophic positions similar to foraminifera. Details of this work are reported
elsewhere (FraiGauthier ad Mudie, 2014). Here we present the foraminiferal
mesocosm results to assess the degree of success in replicating field conditions in a

controlled setting.

2.3 Methods
2.3.1.Field sampling for mesocosm development
Marsh slabgsizes listed in section22)were takenn December, 200&ith a machete
and shovel from two salinity regimes within Chezzetcooét (Fig. 2.1): inner marsh
area with lowetidal watersalinity (07 20 psu) towards the head of timéet (Transect 1)
and outer marsh area witigher salinity (20° 30 psu) nearer thaletentrance (Transect
2), i n an area previously studied since
proximity to road and ease of marsh access. At each transect, four slabs of marsh were
removed. The slabspeesent high, middle and low marsh zones based on characteristic
floral and tidal elevation studies of Scott and Medioli (1980 a, b).

High marshs characterized by dominance $partina patensmiddle marsh by
mixed Spartina patenandSpartina alterniflora, and low marsh bthedominance of.
alterniflora. A mudflat slab was taken from the lowest parttheftransects to

representthe unvegetated channel margin.
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Figure 2.1 Map of Chezzetcook Inlet, showing the two transects used for this study

(af ter Scott and Medioli, 1980b). Red Al o art
respectively. Arrows link green squares of the transect areas to Landsat (Google Earth)
images of the transects sampled for the laboratory mesocosm. Tegalloity transect

(inner inlet), bottom: higtsalinity transect (outer inlet). Numbered stations 4, 20 and 7

are reported in Scott and Medioli (1980b).

Head

Marsh slabs were placed in prepared holding containers made at the Dalhousie
University Aquatron Facility. For high, mille, low, and mudflat zones for each transect,

a slab c. 0.5 A(49 x 41.5 x 20 cm thick, but x 10 cm thick for the mudflat) was placed in
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a plexiglass (acrylic thermoplastic) box and transported to the Aquatron for immediate
setup.

2.3.2 Mesocosm Prepar#on

Laboratory Marsh Design:

A mesocosm was constructed (Figure 2.2) using two fiberglass tanks (208 cm
long x 56 cm wide x 47 cm high) placed side by side in an Aquatron wet lab. The
elevations werd0, 28, 18 and 5 cm high for the high, middle, and foarsh zones and
the mudflat, respectively. These heights correspond to elevations above MSL to
approximate the field tidal inundation conditions, where high marsh zoebarely
covered by tidal watetaily. A 12 cm space at the end of the tanks acconateddhe
main drain, with an emergency overflow drain and a screen to trap debris and prevent
clogging of the drain, which would slow the lowering of tidal water. iesocosms
were examined at least weekly for possible equipment problems, with draipgpasd

cleared of debris to maintain constant water flow.

ovorfio
valve | — I} b
Odo =0 *
timed UVIigts 0 Remmenrran ] Perececascnnnnan
N AN 2N Mudflat
seawater inflow freshwater inflow (low salinity)
overflow drain |U.1 N \ W
| J prevron. A W
Highwaler\ . IS 40 oy Low
4 " ‘ high marsh A W
WVEAFELENY) I —— 30cm V FW
We N4
40cm ikt b | IEEEEE “ Middle [ \
—— 200m voow AN 4
low marsh v . FW
) Hi ke 4
Low water ’f'” —— 5cm R A ) #
| mudflat 1 i u I

| HIGH SALINITY LOW SALINITY
timed drain 42cm

Figure 2.2 Diagrams of the mesocosm in the Aquatron at Dalhousie University. The
sideview diagram is vertically exaggerated. Only the low salinity high and middle marsh
zones receive freshwatmput. Left: Sideview of one tankHeight measurements are
approximate tidal levejRRight: Topview of both tanks sidey-side. SW = salt water

input; FW = fresh water input; --- = screen.
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Tidal Simulation and Fresh Water Input:

Ambient sea water &m the Northwest Arm, Halifax, flowed in continuously at
the lowermost (mudflat) end of each tank. The drain opening/closure valve regulated the
rise and fall of artificial tides. The tanks were connected by side drains feeding to one
main drain with a 23@SI Ball valve (Chemline Plastics Ltd, PASR00). The valve
opened and closed the drain based on programmable timers (Intermatic HB77R} set to 6
hour intervals. Filling to a higlwater mark at 44.5 cm took five hours, and drainage also
took five hours. Twdnigh tides and two low tides were simulatedhe same timesach
day, thetimers were set at 7 a.m. and 7 p.m. to provide low tide in the middle of the day
and facilitate sampling. The tidal cycles were the same for both transects, but Transect 1
samplegeceived direct continuous fresh, romorinated water over the high and middle
marsh zones, which indirectly flowed onto the lower marsh zones to simulate freshwater
runoff at the inlet head. Inputs of seend freshwater were adjusted to maintain
appr@riate water levels through the tidal cycle, but no provision could be made to
replicate precipitation, which amounts to 1358 mihat Halifax and is distributed year
round.
Ultraviolet Light:

Ultraviolet light bulbs (1500 W Metal Halide (MH) bulbs) 68 above the high
water mark were set on timers to simulate daylight cycles. To control environmental
parameters as closely as possible, light was kept at a constant cycle. Three UV lights
covered the high, middle and low marsh zones of each tank, véuelved eight, seven,
and six hours of direct light, respectivel

(pers. comm.) of light intensity received at mudflat elevations, with the high marsh
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exposed for more of the tidal cycle. In total, the mesocossiwed 12 hours of UV light

per day. The mudflat received the peripheral light from the low marsh. The differences in
duration and intensity of light were designed to replicate the relative amounts of direct
sunlight a natural marsh experiences when imetkns turbid tidalwater(the mesocosm

did not experience these suspended sedimértis)mudflats receive the fewest hours of
unfiltered direct sunlight in contrast to the high marsh that is covered by a thin layer of
water on average every 3 tidal cycles.

Temperature and Salinity:

Water temperature was based on the input of ambient sea water (continuously
recorded by the Aquatron Facility), and air temperature was laboratory room temperature
which fluctuated around 20°C. Salinity was maintainedugh the ambient sea water,
except in the low salinity marsh, and salirofywater near each slakas recorded in
parts per thousand (ppt) at the time of sampling using a Goldberg refractometer calibrated
to seawater salinity. Results report the saliagypractical salinity units (psu) which are

essentially identical in the observed salinity range of parts per thoygathd (

2.3.3.Sediment sampling

Surface sediment samples were taken at irregular but frequent in(grealdy,

biweely, or monthly)from December 2005 to November 2007 in all eight marsh
segments to examine foraminiferal assemblages over time. A*\otume gives

enough foraminifera (>300 individuals) to provide a statistically significant
representation of the givenarsh zone (Phleger, 1960). We used pseudoreplication by

taking six random ~2 chsamples, combining them, then removing a total sample size of

28



10 cn?, in order to smooth out minor spatial variation in foraminifera (Debenay and
Guillou, 2002; Duchemin et.a2005; Morvan et al., 2006). The top centimeter of
sediment was sampled and considered as representative of the living foraminifera,
although some taxa burrow deeper (Scott et al., 2001; Tobin et al., 2005). Samples were
taken at low tide to prevent lo®f sediment in the water column on removal.

Samples were washed with tap water through 500, 63 and 45 um sieves, retaining
the sediment on the two lower sieves. The coarsest mesh removed large pieces of debris,
roots and grasses; the 63 pum sieve trapemah of intermediate size and captures most
foraminifera, also preventing clogging and overflow of sediment on the 45 pum sieve; and
fine silt and clay passes through the 45 um sieve that also captures smaller foraminifera.
The >4%<500 um sediment fracns were immediately fixed with formalin and stained
with 2 ml Rose Bengal solution (2.5 ml powdered Rose Bengal in 250 ml distilled water),
using minimum amounts of water to reduce use of fixative and stain while maintaining a
10% minimum fixative solutin. At least 1 ml of borax buffer was added to prevent
dissolution of calcium carbonate tests (Murray, 2006). Samples were kept in stain and
fixative for at least 24 hours, and then wasbeera 45 um sieve to remove excess stain
and formalin solution. Saptes were stored with minimal water to which 70% ethanol
solution and 1 ml borax powder was added. The samples were iseplastic 150 ml
hospitatgrade vialdo prevent evaporation of the ethanol, bacterial growth, and

aggregation of detrital organicatter (Scott et al., 2001).
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2.3.4Sample examination

The high number of foraminifera per sample (some exceeding 8000 pef)l@&qnired

use of a settling column waplitter to divide samples into manageable fractions of 1/6,

1/9, 1/18 or 1/36 (Sco#ind Hermelin, 1993). At least 300 individuals were needed per
sample split to represent the entire sample population statistically, although counts of 100
ensure a 99% probability of recording the main species (those >5%; Fatela and Taborda,
2002). Samplewere examined wet under a binocular dissecting microscope. Living

(bright pink Rose Bengal in multiple chambers) and dead (not stained or weakly stained,;
see Bernhard, 2000) foraminifera were courstedeach speciewasrecorded as living

or dead. In ts study, totals of living plus dead are ugedll calculationsThis provides
information on environmental features at the time of sampling and also incorporates the
death assemblage that is used in paleontological analyses (Morvan et al., 2006; Strachan
et al., 2015). Foraminifera were identified to genus or species level using the taxonomy
of Scott and Medioli (198§, corrected by more recent studiegy(,MUller-Navarra et

al., 2016; Lei et al., 2017) that combifiemchammina macrescehsmacrescenandT.

macrescen§ polystomanto Jadammina macrescens

2.3.5Field to mesocosm comparison

In order to assess the success of the mesocosm in replicating field conditions, spatial and
temporal foraminiferal assemblage data were compared with 1®97&data from

Chezzetcook Inlet (Scott and Medioli, 1980 alb)the 1980 study, the authargde

repeated seasonal counts for five transects over three years, and the transects closest to

the mesocosm sample sites were used for comparison with the mesatagiratle
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2.1).We used elevation above mean sea level (ASL) and marsh vegetation to make
appropriate comparisons of field and mesocosm samples. Although Field Station 20B is
physically located on mesocosm Transect 1 (inner estuary low salinity), iteadbeh
elevation and flora of our Transect 2 high salinity middle marsh zone and was therefore

used for fieldmesocosm comparisons of the Transect 2 samples.

Table 2.1 Sample locations and parameters used for comparison of field (*Scott and
Medioli, 198b) and corresponding laboratory mesocosm section.iA&love (mean)
sea levelPat= Spartina patensalt = Spartina alterniflora;Cyp = Cyperaceadsedges)
Jun= Juncus(gerardii andbalticug; Pot= Potentillaansering Sol = Solidago
sempervirensSd = Salicorniasp.Sarcocorniacf. perennis.

Chezzetcook Inlet Field (F) (1976 1978%) Mesocosm (M) 2005 2007
Field Sites  Notation Field Notable Inner Inlet Notation Mesocosm
Inner Inlet in text Elevation plants (I) samples= in text Elevation
() and ASL (m) Transect and (m)ina40
Outer Inlet figures ina~1.2 T1; figures cm tidal
(O) m tidal Outer Inlet range
range samples=
Transect T2
F-I, High 4A 0.8/0.9 Cyp, Pot, M-T1, T1-H 0.38
Marsh Zone Sol, Jun, High (H)
(Site 4A) pat s Marsh Zone
(Low
Salinity)
F-I, Middle 4B 0.750.8  Cyp, Pot, M-T1, T1-M 0.28
Marsh Zone Sol, Jun, Middle (M)
(Site 4B) pat > \/arsh Zone
(Low
Salinity)
F-I, Middle  20B 0.7 Sal, pat M-T2, T2-M 0.28
Marsh Zone Middle (M)
(Site 20B) m—> Marsh Zone
(High
Salinity)
F-O, Low 7C 0.3/0.5 alt M-T2, T2-L 0.18
Marsh Zone — Low (L)
(Site 7C) Marsh Zone
(High
Salinity)
F-O, 7D -0.110 alt (if any) M-T2, T2-MF 0.05
Mudflat Mudflat
Zone — (MF) Zone
(Site 7D) (High
Salinity)
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2.3.6. Data analysis

Data are presented axdl (living + dead) foraminiferal counts, and as relative

abundances of the most common taxa. Data are mean values per season (fall+winter,
spring, and summer periods), pooled over the three sampling years in the field and two
years in the mesocosm, an@an values per tidal zone (Table 2.1). Fall+winter is the
interval from endSeptember to end March; spring is from early April to-4dudce; and
summer is from midlune to endbeptember. Fall and winter samples were combined due
to the low number of fieldasnples during these seasons every year. Statistical differences
between and among locations, zones, and seasons were determined using XLSTAT in
Excel for nonparametric tests (KruskaVallis for k samples, ManiWhitney for 2

samples, significance value pk 0.05) as the data did not follow a normal distribution,
even when transformed in a variety of ways. Cluster analysis anchetsit

multidimensional scaling of Euclidean distances on squaetransformed relative
abundances of foraminifera wegerformedusing PRIMER v.6.0. They were used to
examine foraminiferal communities against selected environmental parameters: location
(field or mesocosm), marsh zone (linked to elevation), and season (fall+winter; spring;
and summer). ANOSIM of Euclidean distaes of squareoot transformed relative
abundances of common foraminifera was also used in PRIMER to examine differences in

the three parameters.

2.4 Results
The mesocosrrosperedor two years, which was the duration of the experiment

showing good mmise for a laboratory systedlthough all environmental parameters
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were controlled except for ambient water temperature that followed fluctuation in
Northwest Arm of Halifax Harbour (Figure 2.3) and there was no winter ice or change in
daylight hours anthtensity, the vegetation followed a seasonal cycle of growth and
death (Figure 2.4). Freshwater temperatures were above 2.5°C in winter months (lowest
at endFebruary to early March) and below 22°C in summer months, peaking in early
August (Figure 2.3)Seawater temperature had more variability on steonh scales
(days) and between the two years. Overall, the lowest temperatures were in February
March (2.7°C in 2006, ~1°C in 2007) and the highest temperatures were in early
September (~19°C in 2006, 14#€C2007).

The mesocosm floral zones replicated the field floras. High marsh contained
Spartina patensCyperaceaésedgesCarexsp,), Potentillaanserina,Limonium
carolinianum mid-marsh containe8. patensJuncusspp, andSalicornia
sp.Sarcocorniact. perennis and thdow marsh containe8partina alterniflora
Macrobofilms (thick green and blugreen algal mats) were common on both the low

marsh and mudflats of both mesocosm tanks.
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Figure 2.3 TOP: Water temperature profiles of incoming seawand freshwater in the
Aquatron Facility for 2006 and 2007. BOTTOM: Temperature profiles for mean daily air
temperaturefrom nearby (<30 km away§andy Cove (Halifax), N.S., 1976978.
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Figure 2.4 Low salinity transect (A) in winter (Februarynd(B) in spring (May). A is
oriented to show the mudflat with algal mats in the foreground; B shows the high marsh
in the foreground (with notabkedgesSpartina patensand othes (e.g.Potertilla

ansering.

2.4.1 Salinity comparisons

Overall, averagsalinitiesare similar for the field and mesocosmany given season

(Figure 2.5). Inner Inlet high and middle marsh zones 4A, 4B, and Mesocosm Transect 1
have lower salinities (generally ~ 5 psu, except for the summer field samples at ~ 15 psu).
Outer hlet marsh areas (7C and 7D) and Transect 2 have higher salinities of ~ 25 psu,
with the mudflat having salinities closer to 30 psu (Figure 2.5). The one exception is field
site 20B, which groups variably with the low salinity marsh area in winter, aridghe

salinity area in summer, with an intermediate spring position matching that of the

summer Inner Inlet sample value of c. 15.
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Figure 2.5 Average salinities (psu) for each marsh elevation for each season for the
laboratory mesocosm (M) and field (§@mples. Average salinities (psu) for each marsh
zone (H, M, L, MF) for each season for the mesocosm (M = T1 and T2 samples) and
field (F, sites 4A, 4B, 20B, 7C and 7D) samples. See Table 2.1 for notations.

To examine average seasonal salinities withl televation, the data were
separated by marsh zone (Figure 2.6). Across seasons in any given zone, salinities
fluctuated less for the mesocosm than for the field. Between the field and the mesocosm,
station 20B appears to have the largest discrepamtilesugh station 7C low marsh also
has large differences between the mesocosm and field (25 to 30 psu for mesocosm, 20 to
25 for field; Figure 2.6)Additionally, stations 4A and 4B have higher salinities in the

summer in comparison to the mesocosm (FiQuég.
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Figure 2.6 Average salinities (psu) for each marsh zone in each season measured during
200507 in Mesocosm (M; T1 and T2) samples and 18g6-ield (F; 4A through 7D)
samples. See Table 2.1 for additional notations.

Watersalinities for the #ld samples (1976978) show significant differences
across seasons for the Inner Inlet higiddle marsh zone sites (4A, 4B) and middle
marsh site (20B). All have significantly higher salinity (p=0.003 or 0.004) in summer
than in fall+winter and spring @ble 2.2). The low marsh field samples (7C and 7D) do
not have significantly different salinities across seasons (p =0.351 and 0.166). For all
seasons, there are significant differences (p<0.001) across marsh zones: (4A=9.8,
4B=8.9, 20B=17.5, 7C=23.9, 726.7), with salinity increasing towards lower elevations
(low marsh and mudflat) (Table 2.2).

In the mesocosm, seasonal differences of salinity are not significant for each zone

(p>0.05). However, there are differences across the four marsh zones wiosis seas
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combined, with higher marsh areas having significantly lower salinity ttealower
marsh areapk0.0001; Table 2.2).
Comparison of mesocosm and field salinities of each zone, regardless of season,
shows some significant differences (Table 2.2 salinityinnerhigh marsh zones (4A
and TIH) values are significantly lower in mesocosm than field (p=0.017), but the low
salinity middle marsh zones (4B and-M) are not different (p=0.383). Both middle
marsh zones (20B and &) and theouterlow marsh zones (7C and 99 are
significantly higher between mesocosm and field. The mudflat (7D asMH)Zalinities

are not significantly different between the mesocosm and field (p=0.544).

Table 2.2.Salinity comparisons across seasons (top panel)sZbo&gom panel), and
between the field (4A 7D) and mesocosm (T1 and T2; zones defined in Table 2.1)
(bottom right). Statistically different differences (p<0.05 for Kruskalllis or Mann
Whitney nonparametric tests) are bolded. FW = Fall+winter; Sgprrg; Su = Summer.
More statistical details can be found in Appendix A Tabilg. A

FIELD Kruskal - MESOCOSM Kruskal -
mean salinity values (psu) Wallis mean salinity values (psu) Wallis
significance significance
F-W Sp Su F-W Sp Su

4A 475 6.25 15.22 p=0.003
4B 2.5 6.38 140 p=0.004

—

1-H 3.85 4.0 6.25 p=0.544

4B T1-M 7 45 7 p=0.60
20B 9.67 16.72 24.75 p=0.021 T2-M 26.85 25.5 26.25 p=0.715
7C 23.0 230 257 p=0.351 T2-L 2757 27 26.75 p=0.878
7D 26.3 255 28.2 p=0.166 T2-ME 275 27 27.75 p=0.795
FIELD MESOCOSM Mann-Whitney

e Kruskal - -~ Kruskal - L
zonal salinity Wallis zonal salinity Wallis significance of FIELD
mean values N mean values L vs MESOCOSM for

significance significance

(psu) (psu) each zone
4A: 9.8 T1-H:4.6 p=0.017
4B: 8.9 T1-M : 6.6 p=0.383
20B: 17.5 p<0.0001 T2-M : 26.5 p<0.001 p=0.000
7C:23.9 T2-L:27.2 p=0.01
7D: 26.7 T2-MF : 27.5 p=0.544
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2.4.2 Seasonality in foraminifera

The total abundance abfaminifera and the relative abundance of the dominant taxa

have varying significance levels when considered by season. For all samples, there are no
significant seasonal patterns on squa@ transformed data using either cluster analysis
or multidimengonal scaling (MDS) methods (Figure 2.7), and ANOSIM results show no
differences acrosall seasongR=0.016, p=0.075). However, when looking at the

pairwise comparisons afidividual seasonghe fall+winter versus spring samples shows
significant differeces in seasonal foraminiferal abundance and composition (R=0.043,
p=0.03). Although the data did not follow a normal distribution, MANOVA (multivariate
analysis of variance) results show that seasonal variability explains little of the variability
in thedata (p=0.127 for seasons compared to p<0.001 for inlet locations (I vs. O) and

tidal zones (H, M, L, and MF).
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Figure 2.7: Seasonal (fall+winter, spring, summer) distributions determined by Cluster

diagram {op) andnon-metricMDS plot (bottom) of the Euclidean distances of square
root transformed relative abundances of foraminifera for all samples (field and

mesocosm).

Field sample data show that total foraminiferal abundances are significantly

different across seasons (Figure 2.9; Table 2.3)fi€ldr4A (I, high marsh), foraminifera
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are significantly more abundant in summer than in fall+winter and spring. For field 4B
(Inner Inlet middle marsh zone), summer abundance is also significantly higher. Middle,
low marsh and mudflat zones (20B, 7C, &) show no significant difference in
abundance across seasons. In contrast, the mesocosm seasonal data show no significant
differences in abundance for each marsh zone across seasons (Table 2.3).

Relative abundances of taxa in field and microcosm hamgng significance
across seasons (Table 2.3). For the field, relative abundanteschmminanflata +
Jadammina macrescernBphotrocha comprimateandHaplophragmoides manilianensis
show no seasonal difference in the Inner Inlet high marsh zond-(@&;13), bufl.
comprimatais slightly higher in the spring at the middle marsh zone (4B) (Fig. 2.13). For
taxa in the Outer Inlet middle marsh (20B), low marsh (7C) and mudflat (7D) zones,
relative abundances also show no significant seasonal chamgeveét, the three
calcareous taxdHelenina andersenHaynesina orbiculareandElphidiumspp.Have
higher spring values for the mudflat zone although the values are not significant due to
high standard deviations (Fig. 2.13, Table 2.3).

Similarly, relatve abundances of mesocosm taxa sfewsignificant difference
by season (Table 2.3)iphotrochacomprimata Trochamminanflata + J. macrescens
andMiliammina fuscashow no significant seasonal change in the Inner Inlet high marsh
zone T1H (p-values> 0.4; Figure2.13). In the middle marsh zone (M), T.
comprimatais significantly less abundant in fall+wint@r = 0.03) Outer Inlet middle
marsh (T2M), low marsh (T2L) and mudflat (T2MF) zones show no significant

seasonal differences (kige2.13)
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Table 2.3 Seasonal comparisons of the average total abundances (top), and average
relative abundances of main species of foraminifera (bottom) in field (4A through 7D)
and mesocosm (T1 and T&)nes defined in Table 2.1). Statistically different hssu
(p<0.05 for KruskaWallis or ManrWhitney nonparametric tests) are bolded. FW =
Fall-winter; Sp = Spring; Su = Summer. *high standard deviation around mean.
Additional statistical detafle.g. standard deviationgiven in Appendix A, Table AL

FIELD Kruskal - MESOCOSM Kruskal -
Average total foraminiferal ~ Wallis Average total foraminiferal ~ Wallis
counts across seasons  significance counts across seasons  significance
FW Sp Su F-W Sp Su

4A 1660 1319 2735 p=0.027 T1-H 6392 6705 4425* p=0173
4B 1128 832 2135 p=0.015 T1-M 3618 3615 3228* p=1.0

20B 1065 1780 1612 p=0.277 T2-M 8075* 6516* 5911 p=0.295
7C 2257 2260 2533 p=0.956 T2-L 4535* 4275 4266 p=0.810

FIELD MESOCOSM
Average relative abundances (%) of  Average relative abundances (%) of
main foraminifera across seasons main foraminifera across seasons
Trochamminanflata + Jadammina macrescens

E-wW Sp  Su Significance F-W__Sp Su Significance
4A 758 68 74.9 p=0.365 T1-H 63.3 63.1 605 p=0.461
4B 77 T2 77 p=0.153 T1-M 67.3 57.7* 66.8 p=0.9
20B 7 48 46 p=0.503 T2-M 52.1 53.5 46.8* p=0.509
7C 3.1 08 42 p=0.342 T2-L 4.0 29 29 p=0.216

Tiphotrocha comprimata

E-W Sp Su Significance F-w Sp Su Significance
4A 16.7 17.2 13.9 p=0.463 T1-H 145 18.0 15.8* p=0.434
4B 176 21.4 16.2 p=0.048 T1-M 7.6 126 11.8 p=0.033

20B 35 53 35 p=0.328 T2-M 221 23.6 18.8 p=0.539
Miliammina fusca

E-W Sp __Su Significance F-W__Sp  Su Significance
20B 87 878 88 p=0.926 T1-H 13.3 10.5 13.5* p=0.447
7C 779 87 79.8 p=0.46 T1-M 204 26.4* 16.9 p=0.95
7D 69.3 79 74.5 p=0.499 T2-M 229 27.5* 24.7 p=0.928

T2-L 86.4 88.0 93.7 p=0.056
T2-MF 60.2 56.9 49.4 p=0.313
Calcareous specieklphidiumspp + Helenina andersent Haynesina orbicularg

E-W Sp Su Significance F-W_  Sp Su Significance
7C 165 8.7 95 p=0.744 T2-L 5.9 6.7* 1.7 p=0.721
7D 12.6 15.4* 7.2 p=0.64 T2-MF 8.9* 19.3 22.7* p=0.117
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2.4.3. Zonal differences for foraminifera: Mesocosm vs. Field

Combining the data for all seasons, there are significant differences in abuaflance
foraminiferaacross tidal zones in both the field and mesocosm data (Figure 2.8). For the
field, Oute Inlet low marsh zone site 7C has significantly higher total abundances than
the other Field zones (2461/10 ml; p=0.016). In the mesocosm samples, the Transect 2
middle marsh (T2V) has significantly higher (7234/10 ml) and the mudflat-ME) has
significantly lower (862/10 ml) foraminiferal abundances than the other zones
(p<0.0001), in contrast to ttieeld abundance distributions.

Overall, the mesocosm has higher abundances of foraminifera (Figure 2.8) than
the field in all zones except the mudfland in all seasons (p<0.0001). Most mesocosm
samples have over twice the field abundances, on average. However, the field mudflat
(7D) has almost double the average abundance of foraminifera than the mesocosm
mudflat (T2MF Mesocosm = 862(0 ml, Field: 520/ 10 ml, p=0.07).

Marsh zonation (elevation) appears to exert the most important control on relative
abundances of foraminifera in both mesocosm and field. Euclidean distances (Figure
2.10) show clear zonal clusters, with the Inner Inlet low salsiigs (4A/T1H, 4B/T1-

M) separated from the Outer Inlet high salinity sites (7a/T2D/T2-MF). This

distinction reflects foraminiferal species distribution (Figs. 2.12, 2.13), Wwittflata +

J. macrescenandT. comprimatadominating the inner arean@M. fuscaand calcareous
species dominating the outer area. For the middle marsh zone 20B, field samples cluster
with the low marsh zone and mudflat, whereas comparable mesocosm samyigs (T2

cluster with the high and middle marsh zones (Figure 2.11).

43



ANOSIM results show that differences in foraminiferal relative abundances are
due to bothlgrowth location(field vs. mesocosm; R=0.821, p=0.001) and elevation
(marsh zone; R=0.888, p<0.001). In contrast to differences in total abundances, and
seasonalityacross tidal elevation, relative abundances of foraminifera show more
significant zonal differences (Figure 2.12; Table 2.4). Three exceptions with no
significant difference ar&. comprimatan the low salinity high marsh zone (4A).
fuscain the high alinity low marsh zone (7C) and calcareous species in the mudflat zone
(7D) (Table 2.4). Only calcareous species Bhduscain the field samples show no
significant zonal difference§.. inflata + J. macrescenandT. comprimataare
significantly more abndant in high marsh zones (4A, 4B) than middle and low marsh
zones (20B, 7C) in the field, but are much higher in the mesocosm middle marsh zone
(T2-M) in comparison to field samples or other mesocosm zdheisiscais found in all
mesocosm zones but heignificantly higher relative abundance in lower {T2nd T2

MF) than higher (T4H, T1-M, T2-M) zones (Table 2.4 and Figure 2.12).
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Table 2.4 Comparison of the average relative abundances (%) of dominant foraminifera
from the zones (elevationAdhigh marsh through 7D mudflat) and location (field or
mesocosm). *Calcareous species inclegehidiumspp.,Helenina andersenand

Haynesina orbiculareStatistically significant differences (p<0.05) are shown in bold.
More statistical data in Appendi Table A-3.

Species Field Elevation Mesocosm Elevation Field i
comparison comparison Mesocosm
comparison
Trochammina 4A:72.3 p<0.0001 4A:62.4  p<0.0001 4A: p=0.007
inflata + 4B: 75.1 4B:65.4 4B: p=0.016
Jadammina 20B: 5.4 20B:50.8 20B: p<0.0001
macrescens 7C: 2.8 7C:3.4 7C:p=0.041
Tiphotrocha 4A:15.8  p<0.0001 4A:15.5 p<0.0001 4A: p=0.926
comprimata 4B: 18.6 4B: 9.7 4B: p<0.0001
20B: 4.19 20B:21.3 20B: p<0.0001
Miliammina 20B: 87.6 p=0.069 4A: 12.9 p<0.0001 20B: p<0.0001
fusca 7C:81.1 4B: 202 7C: p=0.171
7D: 74.6 20B: 22.2 7D: p=0.002
7C: 88.7
7D: 56.7
Calcareous 7C:12.0 p=0.828 7C: 4.8 p=0.007 7C:p=0.021
species* 7D:11.1 7D: 14.3 7D: p=0.198
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Figure 2.8 Average total abundances of all foraminifera across each zomador
season of the mesocosm (T1 and T2; see Table 2.1 for notations) and field (4A through
7D) samples. H High marsh, M = Middle marsh, L= low marsh, MF = mudflat.
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Calcareous species same as figure 2.12.

2.4.4 Key results

1) Established with fieldlabs from a natural marsh, the laboratory mesocosm remained
viable (live vascular plants in correct elevational zones, abundance of live foraminifera
and meiofaunadver the full tweyear period of investigation. Although some laboratory
environmental pa@ameters were invariable, mesocosm vegetation followed a strong
seasonal cycle and continued to flourish (Fig. 2.4). The systematic foraminiferal results

showed that distinctive assemblages were maintained in marsh zones defined by tidal

inundation.
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2) Sdinity values were broadly concordant between mesocosm and field sites. In both
field and mesocosm, average salinity was lower in the high and middle marsh zones than
in the lower zones and mudflats (Figs.-2.6). However, seasonal changes in salinity

were significant in the field (except in the lower zones of the outer inlet (7C and 7D),
which had > 20 psu in all seasons: Table 2.2). There were no significant seasonal

differences in the mesocosm.

3) Comparing elevation zones, salinity and foraminifezalllts show a generally good
match between comparable mesocosm and field zones. The mesocosm high salinity
middle marsh zone (F®1) and field site 20B showed the least good fit, with
considerable differences in salinity and foraminifera (total abundaretatve

abundances).

4) Comparing seasonal results, foraminiferal total and relative abundances showed few
clear seasonal distinctions, either for zones or for combined mesocosm and field samples
(Fig. 2.7; Table 2.3). Mesocosm foraminifera total alanctes also show no significant

difference across seasons for each zone (Fig. 2.9).

5) Combining data from all seasons, there are significant differences in foraminifera

across elevational zones, as well as some differences between results for figldnmbne

comparable mesocosm zones (Table 2.4, Figs-211%). Total abundances of
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foraminifera in mesocosm samples are significantly higher than those in field samples,

except for greater abundance in field mudflat samples.

6) Despite some differencedeeational zones emerge as the most important control on
foraminiferal distributions and assemblages for both field and mesocosm (Figs. 2.10
2.11). The high and middle marsh zones cluster separately from the low marsh and
mudflat zones. An exception is 20R-M where 20B clusters with low marsh and

mudflat zones whereas AN clusters with high and middle marsh zones.

2.5 Discussion

2.5.1. Comparison to other salt marsh mesocosms

This workexaminedoraminiferal spatial and temporal foraminiferal assemisage
laboratory setting. Overall, the analysis of salinity and foraminiferal patterns confirms the
similarity between the mesocosm and the natural salt marsh at Chezzetcook Inlet. For
example, despite the indoor laboratory location and uniformity ééaiperature and

light regimes in the mesocosm, the temperate salt marsh plants replicated seasonal cycles
of vegetation over two years. Although not subject to freezing temperatures, the plants
died off during the falwinter months (October to March) arebenerated as shoot and

leaf growth during the spring and summer, indicating a different endogenous response
from the solar or lunar rhythms reported for marsh nekRmufitree and Able, 2007).
Mesocosnforaminiferal changes do not show statistically gigant differences across
seasons, although there are some differences. For example, there are more calcareous

species in the spring and summer in comparison to thwifatér in the mesocosm
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mudflat. A change in relative abundances of calcareous spe@esdifferent seasons

also wadound at Chezzetcook (Scott and Medioli, 1980b) and in other temperate salt
marshessuch aowpen Marsh, UKHorton and Edwards, 2003andNorth Norfolk,
England(Saad and Wade, 2017). Averaging the data over two \ssssonal

foraminiferal assemblages in the mesocosm show less seasonal variation than the field
samples. The vegetation in the mesocosm did exhibit marked seasonality, however (Fig.
2.4). This may reflect the marked seasonal temperature changes of incaemmgwater
available in the Aquatron. If so, these findings sugtiedt other than natural cycles,
average water temperature is a more important driver of seasonal chamgekn a
temperate marsh than air temperature and light, which were held at sualugs in the
mesocosm. The lack of significant changesasocosnforaminifera across season may
also be driven by the constant amount of incoming light, which reinatther

seasonal sunlight cycles nor shtatm changes due to storms or wintar cover.

There have been few other comparable marskocosm studies over the 136t
years. They range from simple to complex, located in the field, greenhouses, or
laboratories. Mesocosms are not expected to be exact replicas of the natural system, but
are representative enough to answer questions too complex for small microcosm or
culture analyses, and impossible to define in field studies (Pennington et al., 2004).
Padgett and Brown (1999) used a similar engineering design to the present mesocosm,
including continuous seawater inflow and a timed drain, to simulate tidal cycles for an
outdoor mesocosm in the warm climate of North Caroliineir studyexamined the
effect of soil drainage and organic content on the growth of cord§pastina

alterniflora, using different proportions of clean sand and peat moss to manipulate
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substrates for seedling rhizome grow@nowth was successful and monitored over a

year. Other similar designs to the present mesocosm involve a modular system with a
high, middle, bw marsh and/or mudflats, though they use recycled seawater in reservoir
tanks to create diurnal tides (see Pennington et al., 2004; Cleveland et al., 2012). A
simpler approach (Sharpe and Baldwin, 2012) used a greenhouse mesocosm with small,
shallow pansnd artificial seawater, in warm temperate Chesapeake Bay. Marsh soil
containing wild seeds was injected onto the pans and studied to determine the effects of
salinity and inundation on salt marsh plant growth; the impact on biodiversity, freshwater
and olgohaline communities were also studied. Marsh plant growth was successful over
a year, and imndation frequency did not significantly influence species richness or
biomass. The results were considered useful for forecasting saltmarsh plant community
respamse to sedevel rise, but the lonterm effects of artificial seawater were not
evaluated.

Salt marsh mesocosms are also important for use in pollution studies where toxins
can be tested without damage to the natural environment and the impacts otinvasiv
species can be studied without harming the native marsh. Some mesocosms are used as a
baseline for responses of the system to a contaminant or chemical, such as the use of
vegetable oil biodiesels to clean oil spills on different sediment types (Pamndira
Mudge, 2004). Though conclusions could not be made, these studies showed that field
work with oil spills and trial remediation techniques is often not practical. In coastal
wetlands, secondary impacts of attempts to clean up the oil spills can bdamaging

than just letting the environment recovéthout intervention Although it takes longer
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for the wetlands to recover naturally, this approach may be preferable to using physically
or chemicallyinvasive clean up methods (Dowty et al., 2001).

Othea mesocosms use field transplants to monitor the growth of salt marsh plants
or mangroves under quasintrolled abiotic conditions in the field where plots are
subject to nutrient enrichment that simulates eutrophication of coastal waters (Feller,
1995).Cleveland et al. (2012) examined the effects of silver nanoparticles on
phytoplanktonSpartina alterniflora and a variety of small invertebrates, following the
design of Pennington et al. (2004) who studied the impacts of an agricultural insecticide
on asalt marsh ecosystem. This modular estuarine mesocosm design was also used to
examine how antifouling chemicals that kill photosynthetic organisms impact primary
consumers (DelLorenzo et al., 2009). Though these mesocosm studies answer questions
about caus-andeffect in salt marsh ecosystems, none have directly compared the results
to archival field data, and we are not aware of other mesocosm studies that focus on
foraminifera.

Although a mesocosm has many advantages, it is a challenge to create and
manipulate salt marshes in a small setting because naturarevgy tidal environments
experience strong fluctuations in physical parameters. No published study over 20e last
years has demonstrated that a mesocosm can fully replicate the field. Fazdbgisti
reasons and simplicity, Pennington et al. (2004) and DeLorenzo et al. (2009) did not
modify the tidal inundation levels over the course of their experiments and they did not
attempt to completely replicate shamhd longterm weather variability. Thegiso kept

air temperature at ambient conditions, and salinity constant at 20 psu.
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The shortcomings of mesocosms, however, may be outweighed by the advantage of
frequent sampling under standard conditions, allowing rigorous experiments on
mitigation of human impacts such as pollution and biological invasions. This knowledge

is currently needed in a time of intense coastal development and wetland loss (Scott et al.,
2014). Nova Scotia has already lost over 65% of all salt magBbason et al., 2009)
andthere is an urgent need to understand, conserve, and hopefeditabdish these

important ecosystems. The preser@socosm shows that temperetgion salt marsh

plants and foraminifera continue to grow well for at least two years in laboratory
conditiors, providing opportunity for experiments under conditions that cannot be
regulated in a natural marskg.,storm occurrences, invasions, anthropogenic

pollutants). In a controlled environment, key parameters can be manipulated and specific
causes and edtts can be monitored. Future work could regulate physical parameters,
such as daylight, salinity, and tidal height, to investigate the importance of specific
parameters (abiotic or biotic). Although the laboratory mesocosm does not precisely
replicate fied conditions, the results show that it provides a reasonable representation of

a temperate salt marsh system that has been extensively stusiied

2.5.2. Field versus mesocosm foraminiferal comparisons and implications.

A primary purpose of the mecosm study was to investigate the sptgioporal

dynamics of temperate saltmarsh benthic foraminifera from the Chezzetcook type locality
under yearound controlled conditions. The mesocosm allowed the firstrpesnrd

sampling of foraminiferal assemigkes over a tw«year period that included fall and

winter, in comparison with 1978978 field sampling (Scott and Medioli, 1980a,b) that
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contained 3nonth winter gaps. Total foraminiferal assemblages from four mesocosm
zones show a similar diversity to theld sites, with a similar zonal distribution for four
agglutinated and three calcareous taxa (Figs. 2.12 and 2.13). These zonal patterns are
crucial for determining highesolution sedevel change in fossil records.g.,Scott and
Medioli, 1980a) andre discussed further below.

Important biological limitations of the mesocosm include the absence of most
insects and other macrofauread.,crabs, fishes), the use of seawater filtered to remove
larger planktonic diatoms, and the absence of potentiaentitnputs from windblown
dust and pollen (FraiGauthier and Mudie, 2014). Gnats and midges were common in the
mesocosm, both as larvae and adults, and gastropods were numerous, but bivalves, fish
and birds were missing. Nevertheless, there are rekateel differences in foraminiferal
results between the 1970s field data and mesocosm data obtained over two years. A
probable explanation is that marsh foraminifera are generalistic detrital, bacterial and
phytoplankton feeders (Chandler, 1989; Lesen, p@a# found ample plant detritus and
microbiota in the mesocosm (see Chapter 5 on results of feeding experiments).

The largest difference in foraminiferal patterns was the higher mesocosm total
abundance for all zones and seasons, except for the mkadiatg 2.8). Although marsh
temperatures were not measured in the field, there was most probably equilibrium
between air temperature and surface water temperature for thewetl, shallow marsh
and mudflat (Fig. 2.3). Assuming that marsh foraminifeearent lightsensitive as they
do not depend on photosynthetic symbionts as a sole food source, temperature showed
the largest differences between field and mesocosm. Hence, periods of freezing likely

slowed Chezzetcook foraminiferal population growth fidovember through March,
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when temperatures dropped below freezing of seawat2tGtAdditionally, temperate
marshes have reproductive blooms throughout the year (most often in the spring and
early fall). These population blooms cause large changesairatad relative abundances,
with the magnitude depending on which species have reproduced. However, paralic
foraminifera do not have consistent life cycles, leading to a seasonal variability that is not
necessarily replicated interannually at the samditoté@Morvan et al., 2006). In the

winter, postmortem transport and storms in paralic settings may decrease the total
abundances for the following year. In the present laboratory mesocosm, the lack of tidal
flushing, freezing and storm replicatiapparetly kept numbers consistently much

higher than the field, potentially reaching the carrying capacity of the population
(described irMurray, 2003)in each salt marsh zone. In the mesocosm, temperatures may
have been consistently high enough to allow tharfonifera to steadily thrive, as
temperature is known to be a key factor in inducing foraminiferal reproduction
(Bradshaw, 1968)Additionally, warmer soil conditions in the mesocosm allow for
continual soil decomposition by bacteria, providing a consist®d supply for

foraminifera.

The minimal abundance differences in the mesocosm mudflat samples, however,
are difficult to explain. Environmental stresses, particularly large salinity fluctuations,
increase as elevatidkSL increases, leading to a lowaiversity of species but much
higher abundances of a few walllapted key indicator species (Horton and Murray,

2007; Martins et al., 2014; Strachan et al., 2017). In the mudflat, biological interactions
(competition, predation) may play a bigger roleamtrolling foraminiferal assemblages

than in the middle and high marshes, as biotic factors may exert a more direct control on
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foraminifera than abiotic factors in this environment (Hohenegger et al., 1989). However,
Alve (1999) found that biotic contr@fas a primary factor regulating marsh interactions
whereas physical factors were more important in the mudflat ecosystem.

With increasing species diversity, the@nbe an increase in foraminifera
interspecific competition (Matera aned, 1972; Martinst al., 2014pnd dfferential
rates of feeding on microalgae may cause large fluctuations in calcareous species such as
AmmoniaandHaynesingWukovits et al.2017). On the mesocosm mudflat surface,
there is also a higher diversity of potential forangraf predators, especialypn
selectivedepositfeeding polychaetes and grazing snails sudbcasbiatruncataand
smallLittorina littorea that were seen nesekctively consuming foraminifer@ersonal
observations, Buzas, 1978pecies such ddphidium spp.canbe densgand are
epiphytic on soft, easily flushed sediments such as fecal pellets (Linke and Lutze, 1993);
in the mesocosm, they formed dense colonies on filamentous algdfroktexamining
samples of algae under the stereomicroscdg®) highly unstable calcareous mudflat
populations show high pestortem dissolution because of low environmental pH, and
are easily removed from the mudflat surface by storms. These factors could explain their
larger seasonal changes in the field than énti@socosm. The summer increase in
calcareous numbers is pronounced in the field due to the higher salinity and pH (Scott
and Medioli, 1980b; Horton and Edwards, 2003; Camacho et al., 2015).

Salinity also fluctuated less in the mesocosm than in the fiélel combined
effect of no freezing and more uniform salinity may result in asegessful physical
environment favouring higher reproductive raf@&inmann and Goldstein, 2016).

Trochamminanflata shows a positive correlation with salinity in Novao8a (Table
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2.4), but a negative correlation with salinity in other areas (Horton and Murray, 2007),
which demonstrates the withgpecies variability across different localities. In general,
agglutinated taxa predominatelawer salinitywater(0 to 30 [gu)and calcareous species
in higher salinitywater(Horton and Murray, 2007). When comparing different marshes
with similar elevational zones, salinity appears to be the biggest cause for variability of
foraminiferal assemblages, as in Connecticut, USdwgds et al., 2004) and Caminha,
northwest Portugal (Fatela et al., 2009). The importance of salinity as a distributional

control of foraminifera is also confirméxy thereviewof Debenay and Guillou (2002).

2.5.3. Foraminiferal zonation

Overall,elevation above sea levid the most important parameter affecting foraminiferal
zonation in both the field at Chezzetcook Inlet and the mesocosm (Figurés22110),

rather than temporal changes. The same dominance of spatial rather than temporal effects
is found in the Yellow Sea, China (Lei et al., 2017), Norfolk, England (Saad and Wade,
2017) and in the webtudied Cowpen Marsh, UK (Horton and Edwards, 2003). For
ecosystems, elevation is not an exact environmental parameter itself, as it is related to
salinity, inundation, sediment type apadrticlesize, and pH (Edwards et al., 2004; Fatela
et al., 2009; Camacho et al., 2015; Strachan et al., 2016; Saad and Wade, 2017).
Foraminiferal assemblages in salt marshes are specific to sites, regions, atielslocal
making global comparisons challenging. The distribution of modern assemblages needs
to be defined for a specific marsh before attempting to interpret paleoenvironmental

conditions for that marsh (Edwards et al., 2004 Chezzetcook work of Gehsadt al.
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(2005) showshattide gauge data werauch more variabléhan estimates of sdavel
interpretations based on higharsh foraminiferal zonations.

In general, specific zonal trends are seen in salt marshes around the world,
although salinities ahelevations vary. Because some species are dependent on multiple
factors, key assemblages need to be wsier than individual tax@gdwards et al.,

2004). At Chezzetcook Inlet, high and middle marshes are dominated by calcareous
Jadammina macrescefrs Entzia macrescerBrady, 1870) androchamminanflata

(4A/T1-H, 4B/T1-M; Figures 2.12 2.13), and low marsh and mudflats are dominated by
arenaceouMiliammina fuscaanddiversecalcareous species. Also theenaceous
agglutinatedAmmobaculitess comma in the mesocosm mudflat (AF); this taxon is

a common tidal flat species in other salt marshes around the world (Strachan et al., 2017).

In cooktemperate marshes of Nova Scotighhand middle marsh fauda
macrescenandT. inflata are distributd most strongly in accord with elevation, rather
than salinity or other environmental factoas {n accordance with results frétorton
and Murray, 2007), making this assemblage the best for determiningsealevel rise.

This relationship to elevatidmas been extensively validated around the world: for
Chezzetcook Inlet (Scott and Medioli, 1980a), Galpins salt marsh, Natal South Africa
(Strachan et al., 2015, 2016, 2017), Guadiana Estuary, southeastern Portugal (Camacho et
al., 2015), Cowpen Marsh, Ugorton and Edwards, 2003), Connecticut, USA (Edwards

et al., 2004), and the Bay of Tumlau, German North Sed¢MNavarra et al., 2016).

Though the same general low marsh and mudflat assemblages are also common
throughout these salt marshes, they aresrsasceptible to variability within and

between sites and are not as useful for paleoenvironmental reconstructions. Rather than
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elevation, these assemblages tend to follow other environmental variables, such as a
higher salinity, higher pH, a sandier stbte, and more biological interactions (Saad and
Wade, 2017 and references therein).

Common middlé low marsh faunasTliphotrocha comprimata\l. fuscg are
more variable in their distributions between the field and mesocosm (Figurés 2.12
2.13). This nay explain the disparity seen betweenM2nd field site 20B. Though
these two sites were considered comparable due to similar elevationisialedSpartina
grass cove(mostlypatenswith mixedalterniflora), they are differentiated based on their
foraminiferal assemblages (Figures 2112.13) The field site has an assemblage with
strong lowmarsh affinities and the mesocosm equivalent has a radaitsh
assemblagelhe zonal distribution of . comprimatavaries between sites (within and
between marss) and it is often found in lowhigh marsh transition zones in areas of
higher salinity (Edwards et al., 2004)iliamminafuscais known to outcompete other
species (Scott and Medioli, 1980b) and can be found throughout the marsh, under a range

of various environmental conditions (Murray and Alve, 1999).

2.5.4. Value of laboratory salt marsh mesocosmbmitations, and future work.

Overall, the present mesocosm provides a robust artificial marsh with similar
foraminiferal assemblage patterns acrdesational gradients that are found in the field
(Chezzetcook) and in other marshes around the world. This was an exploratory test to
validate its resemblance to field assemblages and distributions, which needs to be
established before future experimentalrk (Pennington et al., 2004)etailed

mesocosm experiments for paleontological interpretations mighstigate preservation
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potential,dissolution / diagenesis related to pH and water composamhpaleoclimatic
inferences for preserved foraminéen cores as a result of controlling for climatéated
factors.

Limitations to replicating a temperate salt marsh are common drawbacks seen in
other mesocosms (section 2.5.1). Excluding winter ice devalues key seasonality trends
(though seasonality isot the major determinant of salt marsh foraminifera zonation, as
previously discussed). Future studies replicating freezing conditions could provide more
details about biological limits and seasonal cycles of foraminiferapald manipulate
temperature for examining climate change. Other issues with the present mesocosm are
related to salinityFuture experiments could involve changes in tidal inundation and
variable freshwater input to better replicate natural conditions.

Another key factor that codilaccount for the foraminiferal differences between
the mesocosm and field is the constant high amount of UV light in the mesocosm.
Although salt marsh foraminifera are known to be heterotrophs, some species may
harbour diatom photosymbionis.§.,calcar@usHaynesina germanicaauffrais et al.,

2017). The high amount of light in the mesocosm, which does not change seasonally or
replicate storms or cloudy days, may cause increased algal production and promote
foraminiferal abundance, especially for thécageous forms associated with algae in the

mudflat. Future experiments could investigate this issue.

2.5.5. Biological and ecological analysis of mesocosm foraminifera
Related to question 3, the initial mesocosm setup was not designed to explootiche bi

relationships of foraminifera and associated meiofgpohblished inFrail-Gauthier and
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Mudie, 2014).The mesocosm data are also potentially important in providing controlled
calibration of marsh foraminifera and meiofaunal remains recovered in fEdycal
residues from the same samples (F@althier and Mudie, 2014). The organic, chitinous
faunal remains (microforaminiferal linings, nematodes, crustacean eggs, mandibles of
ostracodes and larval insects) are part of a rapidly growing field ofglafyioal study of
NPP (norpollen palynomorphs; Mudie et al., 2011). The organalled zooplankton
remains in palynological samples are a crucial component of segsteatigraphic
analysis used in petroleum exploration where preservation of microfissgisable, and
for verification of marine vs. freshwater designations in ancient sgaghe Paratethys
(OrszagSperber, 2006) and in periodically isolated marine basins like the Black Sea
(Londeix et al., 2009).

Future studiesonsideringhe moden distributons of salt marsh foraminifera
need to incorporate their associated benthic community (meiofauna) to see if competition
and predation play a role (Papaspyrou et al., 2013). In Arachon Bay in southwest France,
foraminifera account for 7% of oxgg uptake in mudflat sediments, emphasizing their
noteable metabolic role (Cesbron et al., 2016). They are more ecologically and
biologically important than previously assumed, and contribute to the salt marsh
ecosystem through herbivory, dissolved organatter (DOM) uptake, bacteriovory, and
deposit feeding, and Cesbron et al. (2016,
these topics in more detail o. These-biolog
scale spatial heterogeneity commorsait marsh foraminiferal analyses and to examine

the variability seen in lowmarsh and mudflat assemblages. Biotic effects are considered
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in Chapters 3 5. Unpublished foraminifera and meiofauna counts from the mesocosm

are archived for use in future pudaltions.

2.6. Conclusions

A salt marsh mesocosm using samples from the stetlied Chezzetcook Inlet, Nova

Scotia, provides a quantifiable test of how well natural foraminiferal assemblages and
distributions were replicated in a controlled laboras®iting. Mesocosm results

matched relative abundance trends of foraminifera at equivalent field sites to a significant
degree. High and middle marsh zones yielded the most comparable results.

Mesocosms are a potentially important experimental tool fanaxag specific
ecological and environmental questions in detail, and the first step is to show that they are
valid representatives of the natural environment. Over two years, the temperate climate
laboratory mesocosm maintained high abundances of kessesgative zonal taxa
(Jadammina macrescensochammina inflataMiliammina fuscq These high total
abundances may reflect the fairly constant environmental parameters that favor
foraminiferal reproduction in the mesocosm, and also the lack of stornstrand tidal
flushing. The duration of tidal inundation mag d more important physical determinant
than salinity and water temperature, and it appears that light is not a limiting factor for
key marsh foraminifera that are omnivorous or primarily ddtféeders. Though
foraminiferal species distributions throughout the marsh zones follow a strong physical
gradient, smaidkcale spatial and temporal heterogeneity is common in foraminiferal

assemblages.
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Although the mesocosm was not designed to explotecfactors, foraminiferal
assemblages are highly constrained by biological factors (food, competition, predation,
reproduction)This is especially true for zones with high variability within and between
marshes throughout the worlide(, low marsh anenudflat assemblages)hese
interactionsneed to be accurately defined in order to fully understand salt marsh

foraminiferal distribution patterns, and are explored in later chapters in this thesis.

66



CHAPTER 3: TAXONOMIC RESOLUTION AND TIDAL GRADIENTS IN
FOOD WEBS FOR TWO TEMPERATE SALT MARSHES: HOW MUCH

DETAIL IS ENOUGH?

3.0 Abstract:

Sufficient taxonomic detail is crucijdbut rarely examinedor correct interpretation of

the structure, function and dynamics of ecosystems. Salt marshes are extremely
productive, highly heterogeneous coastal ecosystems, with large spatial gradients
controlled by tidesThe cool, temperate region of Nova Scotia, Canladsmacrotidal
marshes in the Bay of Fundy and mesotidal marshes on the AtlanticHerestve

compied hgh-, medium and lowresolution metafood webs for a young macrotidal
Fundy marsh at Windsor, and a mature mesotidal Atlantic marsh at Chezzetcook Inlet,
and highresolution webs made for tidal zones in each marsh. The species list for these
two marsles includes 281 taxa and almost 6000 feeding links. Theraggiution webs
contain nodes down to the highest taxonomic detail possible; medaotution webs
exclude foraminifera, and lowesolution webs amalgamate basal and invertebrate species
into 50% fewer nodes. To compare our salt marsh food webs, we use the niche mode
which predicts food web properties by assigning species to a feeding hierarchy. The
speciegich (S>100) higkresolution marsh webs have significantly higieHerbivores
than predited by the niche modghowever, the lowesolutionwebsare a better fit for

the niche model, indicating that current fe@db predictor models do no fully capture
ecosystem dynamics in specrgsh webs with a high number of links. The low

resolution web over emphasize higher tropiével groups and increase the web
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connectance by taxonomic aggregation, leading to interpretations with reduced validity of
the marsh ecosystem structure and function. Food webs for each tidal zone in the two
marshes show #t low marsh and mudflat are more similar to each other than to the more
terrestriallyinfluenced middle and high marshes. Although there are no significant
differences between the marsh metawebs, the-fegistructure of the young Windsor
marsh, with ex@nsive low marsh, favours restoration within a short periow. stady
emphasizes theeed forusing highresolution food webs for detritblased bottorup salt
marsh systems and the need to examine spatially heterogenecusatislalfood webs in

smallerincrements (tidal zones) along the elevational and salinity gradients.

3.1. Introduction

Food webs are complex networks of feeding interactions that occur between and among
species coexisting within an ecosystem (Dunne, 2009; Baskerville20HL). They are

a model of the underlying architecture of energy flow through an ecosystem. By
assembling and analyzing food webs, researchers study a network that involves
interactions between consumers and between consumers and producers, across spatial
and tenporal scales (Baskervileetg2 01 1) . The wor |l dds most sp:
ecosystems are estuaries (Vinagre et al., 2017), including salt marshes (Scott et al., 2014).
Because of the tidal range and terrestrial influence, salt marshes are extremely
hetepgeneous in terms of salinity, temperature, substrate, and other factors, which in turn
generate a heterogeneous distribution of plants and animals and complaefood
interactionsAs food webs are a network, species or another taxonomic engty (

genus/family) are represented as naodesding interactionarelinks between nodes
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Thus,an ecosysternanbeempericallymodeled in its entirety (Dunne, 2009) atxd
component habitats compared (Vinagre and Costa, 2014). Additionally, community
organizéion can demonstrate the resilience of the ecosystem towards extinction, changes
in population dynamics, and disturbance (Baskerville et al., 2011; Coll et al., 2011;
Schmidt et al., 2011).dédweb analysis is a robust and informative way to compare
strudural and functional differences in ecological communitiesandemonstratéow
community structure changes along geographical and environmental gradients and in
response to anthropogenic disturbareg.(Vinagre and Costa, 2014; Tao et al., 2015;
Woad et al., 2015).

Many foodweb parameters are sensitive to the level of taxonomic detail, and
food webs may undersample the natural system or overwhelm the analysis by including
every possible feeding link (Layer et al., 2010). A{msolution web usesaups of taxa
that represerfunctional groups, size classes, or similar aggregates. Many food web
studies focus on the pelagic zoeey(,fishes) and examine the whole ecosystem with
fine-tuned vertebrate taxa and often only the larger invertebmatpsc(abs), but the
inclusion of benthic biota and invertebrates is key to proper interpretation of ecosystem
functioning (SanchekHernandez et al., 2015). Smaller galirsh fauna and lower
trophic groups are often cornabtiensedd daess pfi dteet rd
of ecological functionl amthe first to includein a saltmarsh food wefthe meiofaunal
species|fsuallyless than 1.@r 0.5mm but greater than 0.063 mm), which comprise a
large part of the benthic sediment (see Coull, 1973).

Foraminifera, harpacticoid copepods, and nematodes can make up 95% of the

meiofauna and can consume enough detritus and bacteria to void the sediment of
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nutrients, emphasizing their ecological importance (Chandler, 1889an Francisco
Bay, foraminifera are quick to exploit either phytoplankton or detritus, whichever is in
highest abundance (Lesen, 2006)general, hese foraminifera form a vital trophic link
in marine communities and are known prey items of fish, most taxonomic groups of
invertebrae meiofauna, and small macrofauna (Lipps, 1983; Culver and Lipps, 2003).
Although these meiofauna represent only 10% of the biomass of macrofaundflats
they have over 1.5 times the throughput and two timesabendargnergy production
(Leguerrie et al., 2003). There are many studies on foraminiferal (and meiofaunal)
distributions but few on their specific ecological roles (Lesen, 2005). Meiofauna and
small macrofauna are the major food source of the larger macrofauna (fish and birds) that
use s marshes as feeding and nursery grounds. Although-scellk food sources are a
crucial component of ecosystem dynamics, their inclusion in food webs has yet to be
assessed.

Previous studies of spatial gradients and scales in food webs have covered
latitudinal changebetween warm temperate and tropical regi@ng.,Marczak et al.,
2011, for salt marshes), physical parameters. (pH, Layer et al., 2010), anthropogenic
disturbanced.g.,seagrass beds, Coll et al., 2011), and estuarine salinitggke et al.,
2017). For saltmarsh fooeweb ecology, spatial gradients related to the tidal regime must
be included because the seaward gradient of salinity and other physical and chemical
factors correspond to changes in the biological communitiesBeng and Richoux,
2015). For example, the dependence of consumers emaedh grasses, algae or
seagrasses will change across zones (Olsen et al., 2011). Food web studies normally do

not focus on the smadicale biology, and interpretations of the enécosystem are based
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on properties heavily biased to large scales and thus lack details abotgcateall
variability and sitespecific differences (Vinagre et al., 2017). Thus, food webs need to be
examined not only for an entire salt marsh but alsadanponent zones from mudflats to
the high marsh (Vinagre and Costa, 2014).
3.1.1.0Objectives

In order to address the aforementioned con¢cgrasompareool temperate
marshes at Windsor and Chezzetcook in Nova Saehiech havestrongly contrasted
age tidal and iceregimes on the macrotidal Bay of Fundy and the mesotidal Atlantic
coast, respectively (Fig. 3.1).&\Wisefood webs to explore safharsh ecological
structure and function in terms of three key questions. Firstly, how much taxonomic
detail isneeded to capture ecosystem dynamics? Specifically, how important are the
foraminifera, meiofauna, and small macrofauna to the food web?, beedium, and
high-resolution food webs are compared to investigate these questions. Secondly, how
important are gatial gradients when comparing the food webs of entire marshes (termed
here metawebs) with component tidal zones from the mudflat to the high marsh? Thirdly,
how do highresolution food webs differ for a newfgrmed marshn a macrotidal
setting(Windson and an old, stabimesotidaimarsh (Chezzetcook)®e alsoprovide the
first highly-resolved taxonomic species list (excluding endoparasitemamdransients
such as humans and their pets) for each marsh, constituting a baseline for future

monitoring.
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3.2 Study areas: Windsor and Chezzetcooknarshes

The Windsor marsh (Figure 3.1) is a young salt marsh developed after the construction of
a tidal barrier. Windsor Causeway is a rock structure built in 1970 across the Avon River
estuary at Windsor (46°0 6 N, 64A0806W) . The estuary i s i
reaches of the Bay of Fundy (Fig. 3.1), a large macrotidal system with estuaries and bays
where semidiurnal tidal height exceeds 15 m (Table 3.1). Sediment load (>158 mg
Daborn et al., 203) is high in the basin due to strong currents and winter ice action that
erodes tills and cliffs (Amos and Long, 1980). A sedimentation rate of Ifasthin

front of the causeway (BoFEP, 2008; Bowron et al., 2009) slowed to Onfostin the

early 2@0s (van Proosdij, 2005yhe mudflat grew rapidly, reaching an average

elevation above sea level of 4.70 foywnsend and van Proosdij, 2Q@hd an area of

over 1 knf. Ten years after causeway completiSpartina alternifloraappeared in an

isolated patie, and by 1992, over 30 patches existed. Between 1995 andSji¥ifina

covered from 41,000 fto over 390,000 fof the mudflat. Based on satellite estimates

using polygons itGoogle Earth®yisible Spartinacover in 2015 was over 1 Km

(1,000,000 rf), not including cover along the outer banks (see Figure 3.1).

Low marsh predominates at Windsor (Tables 3.1 and 3.2). A measured transect
from the rock levee to the main tidal channel is approximately 90 m long, with a barren
mudflat 20 m, low marsh 60 m, @marrow high marsh <10 m long. The mid marsh
usually found in mature marshes is an abrupt, barely distinguishable transition from low
to high marsh. The extensive low maeghVindsorprobably reflects the high tidal
elevation, the young age (mature Fymdarshes have less low marsh [Byers and

Chmura, 2007]) and a high sedimentation rate that allows mudflat colonisatioa by
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rapidly-spreading halophytic graSpartina alterniflora Newly restored marshes in the
Bay of Fundy also exhibit large monospéec#ones ofS. alterniflora,with minimal

floral diversity in the upper marsh (Smith et al., 1980; Bowron et al., 2009).

N Avon River, Minas Basin

I B'1 mudflats
a

Spartina marsh
fransect

A
\
BAY OF FUNDY .

A
By Winu:;'}
NOVA SCOTIA

Halifax; c
L /. Chezzetcook Inlet

/
‘ 4 ATLANTIC OCEAN

c1"

head/of marsh

sampling area

middle
marsh

estuary’
entrance

1km

ATLANTIC OCEAN

Figure 3.1.(A) Map of Nova Scotia showing locations of Wind§&tauseway and
Chezzetcook Inlet arshes. (B) Windsor Causeway marskhie Minas Basin, Bay of

Fundy, north of the constructed causeway. (C) Chezzetcook Inlet on the Eastern Shore of
Nova Scotia, Atlantic Ocean. White squares are locations of sampling transects of B and
C, which are enlarged in-B and G2, respectivelylmages from Google Earth

(DigitalGlobe).
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Table 3.1 Parameters for Chezzetcook (Atlantic Ocean) and Windsor (Bay of Fundy)
salt marshes in Nova Scotia, Canada. MSL = Mean Sea Level. Windsor data from
Daborn et al.Z003) and Chezzetcook data from Scott &teldioli (198%).

Property Chezzetcook Windsor

Latitude 44440623 N 445 9 6N 5
Area ~14 knf ~1 knf

Transect @ane Mudflat: 5 m Mudflat: 20 m
widths* Low marsh: 2 m Low marsh: 60 m

Middle marsh: 50 m
High marsh: 20 m

Age ~4000+ years
Sea surface Monthly average 0.515.6
temperature e C

Annual averac

Salinity" (psu) 107 33

Organic Matter >15%

(%)*in mudflat

Water nutrients*  Nitratei 0.6 mgL™
Phosphaté 2.0 mgL™

Tidal range 157 2m

Mean elevation <2 m above MSL (shallow
slope to main channel)

Winter ice Thin (<20cm) depending on
snow amounts, flat over
marsh surface

High marsh: 9 m

~40 years

Monthly average 0.617¢ C
Annual average
1571 27

<10%

Nitratei 2.9 mgL™

Phosphaté 20.0 mgL™

15m

4.7 m above MSL (steep slope fro
Spartinalow marsh to main
channel)

Thick (locallyup to 4 m) with large
ice and mud boulders

* Tidal water salinity where possible; if no water over area sampled, depressions were
made and filled with water to sample, therefore salinity also reflects porewater.
"Organic matter % is from loss on ignitiby Daborn et al. (2003) and Scott and Medioli

(1980a).

*From measurements taken in July 20a6alyzed in the Aquatron Facility
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Table 3.2 Descriptions of the vertical salt marsh zones from sampling transects of
Chezzetcook Inlet and Windsor Cawssy, Nova Scotia, Canada.

Zone

Chezzetcook Inlet Transect

Windsor Causeway Transect

Mudflat

Low
Marsh

Middle
Marsh

High
Marsh

Mesotidal; silty mud with 15%rganic
matter anoxic below few mm depth.
Long flood duration; flanks main tidal

channels. Rar8partina alterniflora.
Green algamats common. Surface
sediment feeders (shore flies,

mudsnails), burrowers (clams and
worms) common. At flood tide fish
occur throughout; many birds feed
epifauna and infaunat low tide.

Smallest section of marsh; floral cove

exclusivelyS. alterniflorawhich

tolerates periodic sediment anoxia
(Bertness, 1991). Green algae and
cyanobacterial films in bare areas.

Periwinkles, crustaceans and worms
common. Fish shelter and feed here

(DFO,2012).

Largest section, witkisible transition
from S. alterniflorato S. patensvhich
dominates the midharsh.
SalicornidSarcocorniaDistichlis and
rushes Juncu$ present. Insects,
spiders amphipods and pulmonate
coffee bean snaldominant
invertebrates. Meiofauna and

foraminiferans less diverse, but more

abundant, than in low marsh
Weeks without tidal submersioRoot
peat. Floral diversitys high; rushes
(Juncu$ displaceS. patenst the

highest elevations; reeds and sedges
abundant. Meiofaunal and foraminifer.
abundances low. Spiders and insects

diverse.

Macrotidal; clayey silt mud with
<10%organic matte(Partridge,
2001; Daborret al.2003). Rare
green algal mats; sediment oxidis
>20 cm. Wide, deep tidal channel
are a vector for fish. At low tide,
many migratory birds feed on
meiofauna and smaller macrofaur
(Corophiumamphipods and
Hedistepolychaetes).

Mudflat abruptly transitions to tall
monospecificS. alterniflora(>1m;
Daborn et al., 2003). Upper areas
with green algal mats and shallow
(<5cm) anoxic subsurface
sedimentMost mudflat faunalso
occur herelnsects and spiders
locally abundanttdow tide.
Juvenile migratory fish here at hig
tide.

Not represented at Windsor

Infrequent submersion. Smallest
marsh zone; dominated ISy
patens Insects, spiderand
amphipods are common
invertebrates. Annual glasswort
(Salicornia maritima occurs
throughout open pafbarren)areas.

The Chezzetcook marsh is in Chezzetcook Inlet (44.70°N, 63.25°W) on the

stormexposed Atlantic Coast (Fig. 3.1) and formed as aded drumlin field following
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the icesheet retreat of the last glaciation (Scott 1977). The uppermost part of the salt
marsh is over 4000 years old, and the outer marsh accretes seaward as sedimentation
exceeds erosion (Orford et al., 1991). The inletkendong and 2 km wide, with ca. 14

km? of mudflats and salt marshes (Table 3THe measured transect from the terrestrial
zone to the middle of the mudflat tidal channel is approximately 80 m long, with the
barren mudflat 5 m, low marsh 2 m, an exteasniddle marsh 50 m, and high marsh 20
m long (Table 3.1). The area is inundated twice dailiplaymesotides (mostly < 2 m)

with water ofnormal marine salinity3071 35 psu)distributedthrough a channel network
(Fig. 3.1C). Terrestrial transitionédtarm tide zone)high and middle marsh zones are
extensiveSpartina patengsalt marsh hay) anglincus gerardi{black rush) dominate

the middle and high marsh flora, wiolidago sempervirer(seaside goldenrod) and

many Cyperacea@edges, e.g_arex paaeceag Spartina alternifloraexists in the

lowest zones, often in narrow bands (less than 5 m) adjoining tidal channels. Glasswort
(annualSalicorniaspp.) is scattered through the low and middle marsh areas, especially
covering bare areas produced bg 8= or windrows of seaweed wrack.

The two salt marshes contrast in other ways (Table 3.1). Both have a similar cool
temperate climate, but the Windsor marsh has an average annual water temperature about
1 °C warmer (8C). The entire grass surface oétWindsor marsh is completely removed
by ice each winter (see photographs in van Proosdij, 2005), and the s&sotiab
growth & 1 mheight and biomass; Daborn et al., 2003) greatly exceeds that of
ChezzetcooKca. 50 cm)Windsor marsh has higher tga column nutrient levels
(Daborn et al., 2003 and Table 3.hgtter drainage (no pannaspondsof standing

water), and a deeper anoxic layer (> 10bmtow surface&ompared to < 1 cm at
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Chezzetcook, personal observatimsed on dark colour change dnydirogen sulfide
smell). These variableare preseumed f@ay an important role in the higbpartina

growth at Windsor (Daborn et al., 2003). Additionally, these differences allow a robust
test of foodweb characteristics in marshes from different sgétiwithin the same cool
temperate climate regime.

Almost 65% of Nova Scotia marsh area has been destroyed since European
settlement. In the Bay of Fundy, 80% has been destroyed since the early 1600s when
Acadian agricultural diking began, and less tha% 1B original salt marsh area remains
within the Minas Basin study area (Gordon, 1989). However, the high marsh elevation,
high tidal range, and rapid sedimentation rate (average of 1y8 9rgive Bay of Fundy
marshes resilience to disturbance and psernfor lowmaintenance restoration (Byers
and Chmura, 2007). The Windsor Causeway marsh is one of the most productive in
Atlantic Canada (Daborn et al., 2003), and was selected forebcanalysis of a
newly-formed salt marshith a high sedimentationte(6 cmyr™ or more) In contrast,
the Chezzetcook marsh is a kying, mature mesotidal marsh representing 200 to
thousands of years of sedimentation and plant growth (CHagtfest al., 2001).
Sedimentation rates are relatively slaa, 5 mmyr™, about I 2 mmyr™ higher than the
rate of sedevel rise (c3i 4 mmyr™). The marsh has experienced only minor human
encroachment since European settlement began c. 1600 AD and is a good reference site
for a temperate, relatively undisturbed climax md@hagueGoff et al., 2001)Creating
highly-resolved food webs for these two contrasting marshes iremgerate areas,
approachinghe northern range &partinagrasses, broadens the applicability of these

food web models and the understanding ofdlesosystems.
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3.3 Methods

3.3.1 Sample collection and examination

A total of at least 258amples were collected from the two salt marshes at low tide at
monthly or twicemonthlyintervals throughout spring, summer and fall seasons for six
years from 201through 2016During sample collectigrshallow infaunal samples (<5

cm sediment depth) were collected along a vertical transect line 90 m long, divided into
vertical zones by vegetation cover and floral composition (Tables 3.1 and 3.2), from the
tidal channel to the terrestrial transition. Two 500 ml and two 50 ml sediment samples
were taken per zone from randphaphazardly pickelbcations to account for small

scale spatial heterogeneity as was verified throughout the literature, most recently with
Vinagre et al. (2017)During the 1i 2 hour collection times,ighly mobile macrofauna

such as insects, arachnids, amphipods and gastropods were collected on site using a net,
covered container, or by hand, and unidentified macrofauna were preserved in 75%
ethanol or by freezing.

Int he | ab, the sedi ment fauna was separa
sieves. Small samples (10 ml) were washed gently through stacked sieves using filtered
sea water from the Aquatron facility at Dalhousie University. Washed samples were
viewed undenr Zeiss dissecting microscofl)i 40x) to identify the taxa. Organisms
were identified to the lowest taxonomic level possusagguides and resources
available é.g.,Gosner, 1978; Scott and Medioli, 128&ept, 2008). Macrofauna
(insects, fish, bats and mammals) that could not be brought back to the laboratory or
were not seeat the time of collectiowere added to the species list based on published

local information €.g.,Bromley and Bleakney, 1984; Hatcher and Patriquin, 1981), and
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lists provded by A. Hebda, Nova Scotia Museum of Natural History. Species lists
compiled by collection on one datyeach offive consecutive summers (2002016) by
undergraduate students in a Coastal Ecology field course at Dalhousie University were
also added tthe taxa, after identifications were confirmed and/or corrected by the lead
author.
3.3.2 Foodweb construction
Feeding links for all taxa were determined from published literature, online resources
(Encyclopedia Online (eol.org), World Register of MarBpecies (WORMS;
marinespecies.org), FishBase (fishbase.ca), the Cornell lab of Ornithology
(allaboutbirds.org), and personal observations of feeding behavior in the field and in the
laboratory (as done in other foegeb studiese.g.,van der Zeet al., 2016). Predater
prey lists were made for 281 taxa (AppenBid and Supplement-B) and used to
generate a binary matrix that quantifies predatey interactionsupplement B).
According to Wood et al. (2015), feeding links determined for one zothe eharsh are
applicable where taxa occur together in another marsh zone.

Overall, 16 food webs were constructed: (1) highedium and lowresolution
meta food webs combining data from Chezzetcook and Windsor (hereafter called NS
webs), (2) separatedtt, medium, and lowesolution meta food webs for each marsh,
and (3) highkresolution food webs for four zones at Chezzetcook and three zones at
Windsor (Figures 3.4 and 3.9)he metaweb combines feeding relationships that are
integrated over large spatiscales (the entire salt marsh, or, both marshes combined) to
include all energetic links among taxa thatomzur in at least part of the landscape for

the Gyear time interval. We usdebodWeb3D to generate and analyze the food webs,
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written by R.J. Wliams and provided by the Pacific Ecoinformatics and Computational
Ecology Lab (www.foodwebs.org, Yoon et al., 2004)

Low-resolution food webs combined the species into groups based on overall
taxonomic similarities. These groups were given new ID nusnieedistinguish them
from taxa in the highand mediumresolution food webs. For example, all 21 polychaete
taxa were grouped into a fApolBRdohaeted trop
combinations), and 12 amphipod taxa, 11 copepod taxa, and 4 netaxi@eere
similarly grouped. This approach replicates manymaltsh ecological studies in which
groups of smaller, taxonomically unrelated animals are based oegzé (s e di men't
mei of aunaodo or Azooplanktono). dpouslowgmear asi t e
not included in the present study. Humans and domestic animals (cats, dogs) were
excluded because they do not necessarily reflect natural feeding interactions within the
system (as was also done by Vinagre and Costa, 2014), although spstadg; fi
clamworm collecting, and clam digging occur at both marshes. We omitted rare transient
species such as some birds that appear in small numbers once a year or less.

Because the role of foraminifera in the galirsh food web is a key focus of the
present study, mediwmresolution metawebs for Nova Scotia, Chezzetcook and Windsor
were generated that excluded only the foraminifera. This step involved removing 13 taxa
of mostly basal feeders (detritus, plankton, algae and bacteria: Lipps, 1983), although
some species of foraminifera can be predatory on meiofauna (Dupuy et al., 2010).

High-resolution webs included all organisms down to the highest taxonomic level
possible at a microscopic level (genus or species). This approach reduees over

representationf secondary consumers or predators, such as fishes, birds and mammals
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(see AppendiB-1). Trophic compartments were resolved to the highest taxonomic level
to which feeding links could be reliably established, based on literature and database
searches an situand laboratory observations. Overall, we used 281 nodes for Nova
Scotia salt marshes. In the Chezzetcook metaweb, 224 nodes (91.4%) were resolved to
genus/specietevel, and 21 nodes not resolved to this level include invertebrates (n=14)
and souces (n=7), the latter comprising organisms that do not have prey items (plants,
algae, microalgae, bacteria, detritus, and carrion). In the Windsor metaweb, 174 nodes
(91.1%) were resolved to genus/spedeal, and 17 nodes not resolved to this level
include invertebrates (n=10) and basal sources (n=7).
3.3.3 Foodweb properties
Seventeen properties were used to describeviagrstructure, using FoodWeb3D
(Table 3.3; Williams and Martinez, 2000; Romanuk et al., 2006). The number of nodes in
eachwebwas onverted into O6trophic speciesbd6, a
from uneven taxa resolution by grouping taxa with the same predators and prey into one
Atrophic specieso (Williams anwebpapertes ne z ,
(Table 33) were used to compare the eleven highedium, and lowresolution food
webs of Windsor and Chezzetcook marshes: number of trophic sggcieeén links
per speciesl(S); and connectanag(which is the proportion of realized to possible links
per speciesC=L/S)).

Six node properties describe the percentages of feeding types in a footbyweb:
Inter (=Intermediatg, Can(=Canniba), Omn(= Omnivore;i.e., taxa with food chains of
different length from norbasal to basal species)erb (=Herbivore or Detritivorg, and

Bas(=Basa). Trophic level properties in this study are the maximum and mean trophic
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level (TLMaxandTLMear), which both use sheweighted trophic positiorSWTP).
The popertySWTPi s t he avawvageagefd dpr@dJPiandtheosi t i o1
shortest trophic position. The averaged trophic posR&TP gives a value of 1 + the
mean trophic position of all the taxonds t
SWTP gives a value of 1+ the shortest chain length from the consumer taxon to a basal
taxon (Williams and Martinez, 20048WTP can underestimate the actual trophic level,
but it is considered the best fit for estimating floased webs (Williams andatinez,
2004). Another measure of trophic properties is mean trophic simillt@gr{(Sin),
which is the mean Jaccardian similarity calculated as the number of consumers and
resources shared in common, divided by the
resources (Williams and Martinez, 2000).

The standard deviation of mean general@gi(SD defines the number of prey
items for a species, and vulnerabiliy{SD defines the number of predators for a
species. These two measures quantify the variabflity s peci es ® nor mal i z e
prey counts (Schoener, 1989). Diet discontinuitie{Dis) is the number of triplets of
species with aire.,afgaprinraeahsundrdiet tleat cgnagh kie made
contiguous because of the constraints impdseother consumedsliets, divided by the
number of possible triplets. Diet discontinuity is a measure of intervality which indicates
the degree to which the species and their diets can be represented along a single
dimension (Cattin et al., 2004; Stouftt al., 2006). If the food web departs from this
intervality, then the mechanisms behind the structure of the food webs are more complex
than modelled, as the feeding modes span several dimensions. We also report the

clustering coefficient@C) whichisone measuiw®r o fdoo smalwlor k st r

82



(Watts and Strogatz, 1998; Dunne et al., 2002a; Camacho et al., 2002; Montoya and Sole,

2002; Williams et al., 2002). The clustering coefficient indicates where nodes are more

likely to be clustered togethdran they would be in a random graph, with small path

length between nodes.

Table 3.3.Description of food web properties of Network 3D (after Dunne, 2006).

Food web property

Description

Trophic Species

Links/Species
Connectance

Link standard deviation
Clustering coefficient

Percentage of top predators
Percentage of intermediate
taxa

Percentagef omnivores

Percentage of basal taxa
Percentage of cannibals
Percentage of
herbivores/detritivores
Maximum trophic level

Mean trophic level

Trophic similarity

Diet Discontinuity
Generality standard d&tion

Vulnerability standard
deviation

S

L/S
C

LinkSD
CC

%Top
%Inter

%0Omn
%Bas
%Can
%Herb
TLMax
TLMean
MeanSim
DietDis
GenSD

VulSD

Number of species in the food web after beingvested

into a trophic web

Number of predator and/or prey links per species
Proportion of actual trophic links to all possible links #/S

Standard deviation of links per species (L/S)

Probability that two taxa linked to the same taxa are also
linked to each other

Taxa with prey and no predators

Taxa with both predators and prey

Taxa that prey on primary producers (basal taxa) and ott
consumers

Taxa with predators and no prey

Taxa that prey on their own species

Taxa that prey on basal taxa

Maximum trophic level in the food web using short
weighted algorithm{WTP)

Average trophic level foBWTP

Mean of total number of consers and resources shared i

common divided by the pai
and resources (Jaccardian similarity)
Number of triplets of spe

(measure of intervality)
Number of prey of a taxa standardized by L/S

Number of predators of a taxa standardized by L/S
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3.3.4 Statistical analysis

For the 17 food web properties, comparisons were made for: (3,)n@dium and high
resolution metawebs for both marshes combined (NS metaweb); (2) Chezzetcook versus
Windsor marshes (metawebs); (3) higisolution webs between marshes (3a) and within
each marsh (3b). Values generated from FoodWeb3D were used foicatatisilysis
(Supplements B, B-4).

Direct comparison of web 3D properties is difficult because statistical
significance cannot be determined (Dunne et al., 2004). To compare these properties
across resolutions, marshes and tidal zones, we used theieaetif variation (CV
=standard deviation of the differences between the properties, divided by the mean of the
property, multiplied by 100) (Vinagre et al., 2017). A CV greater than 10% indicates a
significant difference in the foedeb properties thatre most affected by the comparison
(Vinagre et al.2017). As CV values for each web did not follow a normal distribution,
we used MamWhitney nonparametric tests to evaluate the differences in CV across
resolutions and zongSupplement B1). With PRIMER v. 6, we used nemetric
multidimensional scaling (hnMDS) and cluster analysis overlaid with normalized
Euclidean distances of the food web properties to visually examinenxfebdlifferences
between salt marsh zones and resolutions. We also used nMIfS gwacompare our
food webs with previously published food webs, using eight commonviedad
properties (Table 3.4).

In addition to examining whole/eb properties, we also examined statistical
differences between and among salt marshes and resolusorgsthe trophic level and

connectivity values for each of the species nodes for each web. As these samples did not
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follow a normal distribution, we used Kruskalallis nonparametric sample

comparisons (when examining differences of more than 2 samguhesManrWhitney
non-parametric tests to examine differences between 2 samples. For both tests, we used
significance values of p<0.qBppendix B3). The program XLSTAT for Microsoft

Excel was used to compute the tests.

Finally, we used thaiche model (Wliams and Martinez, 2000) to predict food
web properties using only input parameter$ (tfophic species number) afu
(connectance) from the constructed food webs. In the niche model, species are sorted
along a single niche axis (representing theifegtierarchy) where the diet of a
consumer lies in a defined section of the axis. For each web, Monte Carlo simulations
were used (1000 generations of the niche model) to calculate the mean and standard
deviation of theneasuredood web properties. If ganormalized error (model error/
model SD) between the niche and empirical models is betviesmd 1 of the model
standard deviation, the niche model is considered a good fit to the actual empirical web

(Vinagre and Costa, 2014).

3.4 Results

3.4.1 High, medium- and low-resolution food webs

We compiled 281 nodes (taxa or species) for the Nova Scotia (NS) metaweb, with 5995
feeding links (244 nodes and 4673 links for Chezzetcook; 191 nodes and 3778 links for
Windsor). For all webs, the conversion of thenber of species to trophic species was
less than 10% of taxé terms of taxonomic diversitypvertebrates dominate the NS

metaweb, with 58% of the species richn@sgure 3.2) There are slightly more fishes
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and birds at Windsor, and four times thember of vascular plant species at
Chezzetcook. The numbers of fishes, birds and mammals are the same for different
taxonomic resolutions, but the number of invertebrate taxa decreases by over half

between the highand lowresolution webgFigure 3.2)
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Table 3.4 Food web topology for the three metawebs (Nova Scotia, Windsor, Chezzetcook) at three taxonomic resolutions. CV =
coefficient of variation

Location: Nova Scotia Windsor Chezzetcook
(Windsor + Chezzetcook)

Resolution: High  Medium Low CV High  Medium Low Ccv High Medium Low CV
Species 281 268 123 191 183 100 244 231 105
Richness
TS 271 256 123 31 182 173 98 25 232 217 105 31
L/S 20.68  20.55 15.05 14 18.61 18.27 12.61 17  18.35 18.22 1428 11
C 0.08 0.08 0.12 20 0.10 0.11 0.13 11 0.08 0.08 0.14 28
LinkSD 0.59 0.57 0.50 7 050 0.48 0.50 2 0.62 0.60 0.46 13
CC 0.16 0.17 0.20 10 0.17 0.17 0.19 5 0.17 0.17 0.21 10
%Top 0.37 0.39 0 71 0.55 0.58 1.02 30 0.43 0.46 0 71
%Inter 86.0 84.77 91.06 3 90.11 89.02 88.78 1 83.62 8249 90.48 4
%0mn 58.3 59.38 76.42 13 66.45 67.63 77.55 7 54.74 55.30 72.38 13
%Basal 13.65 14.45 8.94 20 9.34 10.40 10.20 5 15.95 17.05 9.52 23
%Can 17.71  18.75 24.39 14 19.23 20.23 23.47 9 17.68 18.90 26.67 19
%Herb 29.89  29.69 14.63 29 25.82 26.59 12.24 31 31.47 31.34 18.10 23
TL Max 4.22 4.20 4.05 2 3.9 3.92 4.06 2 4.20 4.19 4.02 2
TL Mean 2.39 2.39 2.78 7 257 2.53 2.85 5 2.32 2.32 2.77 9
MeanSim 0.08 0.08 0.11 16 0.10 0.10 0.12 104 0.09 0.09 0.12 14
DietDis 0.13 0.14 0.38 53 0.15 0.15 0.38 48 0.12 0.13 0.29 43
GenSD 1.15 1.14 0.78 17 0.98 0.97 0.70 15 1.21 1.20 0.82 17

VulSD 0.72 0.71 0.85 8 0.74 0.75 0.90 9 0.62 0.65 0.72 6
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For food web structural properties, the larger numbeodes and links in the
combined NS higlresolution web increases the link densit{g from approximately 18
in individual marshes to more than 20 lirgex species (Table 3.4). All other 16 property
values (Table 3.4) for the NS web were intermediatedmt those of the Windsor and
Chezzetcook marshes. Omnivory always exceeds 50% of the trophic groups, and the
percentage of top predatof$Top is below 1% except for Winsor mudflat. Trophically
intermediate taxa (those with predators as well as preyinddethe system (Table 3.4,
Inter.), with approximately 85 to 90% of taxa. The most connected taxa in the NS
metaweb is the mummichog bottdeeding fishFundulus heteroclityswith a
connectivity of 3.5 (the only node with a connectivity S8pplemenB-3). Other highly
connected taxa are dipteran flies (including chironomid midges and mosquitoes) with
connectivity >2, and small crustaceans such as amphipods with connectivity >1.5. The
high values reflect the intermediate and omnivorous feeding behafithese taxa,
which dominate the functional groups. The most connected basal nodes are marine
detritus (1.9) and phytoplankton (1.7), here comprising diatoms. Overall, 168 taxa had a
connectivity less than 1, 89 taxa between 1 and 2, and 23 taxa b&tardr8. Mean
trophic level for the higltesolution web was 2.39. The only top preda®Tt ¢p in the
NS marshes metawebs surprisingly,one species of cnidarian because ectoparasites
(e.g.,biting flies and mites) feed on the mammals and large bindsbacause the eggs,
larvae or juveniles of predatory fish, birds and mammals are prey to various animals. The
MeanSinof 0.08 indicates that, on average, the taxa do not have common predators or

prey (0 = no common predators or prey; 1 = shared predatdrprey).
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Figure 3.3: High-resolution Nova Scotia meta food web. Size of coloured nodes is
indicative of connectivity. Lines connecting nodes are feeding links between nodes.
Colour of nodes indicates trophic level, as shown by the arrow. Examplieghbyf h
connected and/or common trophic taxa are labelled beside their nodes, with black dots
specifying nodes the labels may overlap.
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levels are the same as in Figure 3.3.
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Structural network properties changed little in the NS med®solution web
without foraminifera, which are herbivorous and omnivorous (intermediate) taxa. The
percenages of trophic groups changed by 1% or less (Table 3.4). The percentage of
cannibalism increased slightly by 1.04 %, and intermediate species decreased by more
than 1%. Visually, highand mediunresolution food webs are similar (Fig 3.4).

More differerces emerge in food web properties of the-feaolution NS web.

The number of nodes decreased from 271 to 123 (5994 to 1851 feeding links), and no
taxa had identical predators and prey. Links per species decreased to 15.05, and
connectance increased slighto over 12% (Table 3.4). The percentage of top
consumers only increased slightly, but all other functional groups changed by larger
amounts €.g.,omnivores, intermediate and cannibal taxa all increased by more than 6%,
whereas basal and herbivorousa@ecreased by more than 5%). The mean trophic level
increased slightly from 2.39 to 2.78. Connectance was less than 1 for 76 taxa and
between 1 and 2 for 42 taxa. The most connected taxon was the amalgamated

A mo s q u(biting Ripdeda)group (3.26), fdlowed by three other taxa of flies/midges
with a connectance of between 2 an@8pplement E3).

Statistically for the NS metawebs, there are no significant differences across
taxonomic resolutions for vertebrate and invertebrate trophic levels (p,33:6.134,
respectively Appendix B3), but the invertebrate taxa show significantly higher
connectance in the lovwesolution NS web (high = 0.979, medium = 0.950, low = 1.158,
p=0.026). Vertebrate taxa have a significantly lower connectance in thedoltion
NS web, in comparison to medium and high resolutions (high = 1.386, medium = 1.375,

low = 0.918, p <0.001). Basal resources do not have significant differences in
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connectivity across resolutions (high = 0.624, medium =0.596, low = 0.748, p 3.0.063
For all resolutions, the differences between invertebrate and vertebrate taxa are
significant for connectivity and trophic levels, with vertebrates always having a
significantly higher trophic level than invertebrates (p<0.001 for all three resolutions)
terms of connectivity, vertebrates have a significantly higher connectance than
invertebrates for high and medium resolutions (p<0.001) but a significantly lower
connectance in the lovwesolution NS metaweb (p=0.03Appendix B3).

In terms of the ntawebs for Chezzetcook and Windsor separateisrall,
patterns of change across resolutions are similar to those for the NS m@tayued 3.4,
Table 3.4) A notable difference is in the percentage of top consumers, which increased to
more than 1% in @ lowresolution Windsor web, the highest value across all resolutions
and metawebs. The leresolution basal taxa percentage increased by less than 1% from
high resolution at Windsor, but decreased by 5% at Chezzetcook.

Regardless of resolution, Chezzmik and Windsor show similar values of
connectance but Chezzetcook hadightly wider range across resolution$ (8%
versus 1013% in Windsor). In terms of resolution, 11 of 17 properties for the NS web
have a CV higher than 10% compared to 8 of 1¥\ordsor, and 12 of 17 for
Chezzetcook. Species richness, links per species and connectance all have large
differences across resolutioi@®verall, trophic level is significantly higher for the loew
resolution Chezzetcook web in comparison to the medainahigh-resolution webs.
Vertebrates have a significantly higher trophic level in-teaolution webs than they do
in medium and highresolution webs(high = 3.067, medium = 3.037, low = 3.282, p =

0.006 Appendix B3), whereas invertebrate trophic levelfdiences are not significant
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(p = 0.08). The taxa with the highest connectance values for dmghmedium
resolution webs are mummichog (fish), spotted sandpiper (bird), shrew (mammal),
followed by biting flies. In the lowesolution web, biting flies e the highest
connectance values, followed by shrews and raco@gzendix B3).

The Windsor webs show significant differences across resolutions for vertebrate
trophic levels, with a lower trophic level in lergsolution webs. As with Chezzetcook,
vertdbrates have significantly higher trophic levels in the-teaolution web than in the
high- or mediumresolution webs (High = 3.216, Medium = 3.104, Low = 3.269, p =
0.024; Appendix B3), and invertebrates do not have significant differences in trophic
level across resolutions (p =0.328). In all Windsor resolutions, invertebrates have a
significantly lower trophic level than the vertebrate taxa (p<0.001). As with Chezzetcook
nodes, invertebrates and vertebrates also have significantly different connacthece
Windsor resolutions, with invertebrates higher than vertebrates in theesmlution web
(1.259 vs 0.908, p = 0.003) and significantly lower than vertebrates in meaahhigh
resolution webs (p = 0.004 and p = 0.011, respectivgpendix B3). The taxa with the
highest connectance values for highd mediumresolution webs are mummichog
followed by biting flies, shrimp and spotted sandpiper. In therkswlution web, biting
flies have the highest connectance values followed by raccoonsngipads.

Multidimensional scaling (Fig 3.5) shows high clustering of each marsh with
high- and mediunresolutions. Overall, mediunand highresolution webs are more

similar than any are to the lemesolution webs.
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Figure 3.5.Non-metric multidimensioral scaling analysis overlaid with normalized

Euclidean distances from cluster analysis of food web properties of the three marshes and
three resolutions. NS = combined Nova Scotian study sites; W = Windsor; C =
Chezzetcook. Black = high resolution; greelow resolution; blue = medium resolution.

3.4.2 Comparison of highresolution food webs between salt marshes and zones

Visual food webs show no major differences between and among the zones of
Chezzetcook and Windsor (Fig. 3.6). Chezzetcook has motalaaplants and therefore

more basal taxa than Windsor metawebs. In both Windsor and Chezzetcook, fish increase
in taxonomic abundance in the low marsh and mudflat. Windsor has 10% more Top taxa
whereas the other zones have%sIop Chezzetcook also hasone Top taxa in the

mudflat than in the upper zones of the marsh (Table 3.5). The coefficient of variation

(CV, Table 3.5) shows that six of 17 food web properties are affected by spatial gradients
(tidal zones) at Chezzetcook and seven at Windsor. Indaditnarshes, th#Toptaxa

have the biggest differences across spatial gradient, with more top predators in lower

elevations. The percentage of basal taxa is also strongly affected by spatial gradient.
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Figure 3.6.High-resolution food webs for Chezezebk and Windsor marsh zones. Node
size indicates connectivity; trophic levels are the same as in Figure 3.3.

Table 3.5 Zonespecific highresolution food web topologies for Chezzetcook and
Windsor salt marsheRichness = species richne€d/ = coefficient of variation.

Location: Chezzetcook Windsor

Zone: High Middle Low Mudflat Cv High Low Mudflat Ccv

Marsh Marsh  Marsh Marsh Marsh

Richness 132 143 140 109 98 128 127
TS 119 132 134 104 10 96 119 117 9
L/S 14.74 14.96 13.54 14.45 4 12.34 13.48 17.17 14
C 0.12 0.11 0.10 0.14 13 0.13 0.11 0.15 13
LinkSD 0.61 0.62 0.55 0.48 10 0.54 0.50 0.43 9
CcC 0.20 0.20 0.16 0.16 11 0.19 0.16 0.17 7
%Top 0 0 0.75 4.81 144 1.04 0.84 10.26 109
%Inter 79.83 83.3 86.57 83.64 3 84.38 89.08 82.05 3
%0mn 55.46 55.30 54.48 61.54 5 60.42 63.87 69.23 6
%Basal 20.17 16.67 12.69 11.54 22 14.58 10.08 7.69 26
%Can 18.49 17.42 18.66 19.23 4 13.54 21.01 20.51 19
%Herb 28.57 28.79 32.09 30.77 5 26.04 28.57 24.79 6
TL Max 4.31 4.25 4.18 3.72 6 4.09 3.87 3.79 3
TL Mean 2.33 2.42 2.42 2.37 2 2.59 2.54 2.55 1
MeanSim 0.13 0.11 0.10 0.14 13 0.12 0.11 0.15 13
DietDis 0.11 0.13 0.14 0.16 13 0.13 0.13 0.19 19
GenSD 1.16 1.15 1.06 1.00 6 0.92 0.92 0.90 1
VulSD 0.65 0.69 0.66 0.66 2 0.77 0.77 0.78 1

95



B Mammals

OBirds

[ Fish

® All invertebrates

M Foraminifera

Number of taxa or species
&

® Vascular plants
a0 -
g Other basal (algae, bacteria,

detritus)
20 A

High Low Mudflat High Middle Low Mudflat
Marsh Marsh Marsh Marsh Marsh
Windsor Chezzetcook

Figure 3.7.Zonespecifichigh-resolutiontaxonomic group distribution for Windsor and
Chezzetcook.

The trophic level of vertebrate taxa is significantly higher at Windsor than at
Chezzetcook (Windsor = 3.216, Cheizook = 3.067, p = 0.03&\ppendix B3),
although the invertebrate taxa show no significant difference (Windsor = 2.514,
Chezzetcook = 2.478, p = 0.514). Comparison of the same major taxonomic groupings by
zone (Fig. 3.7) also shows no significant differesin trophic level between the two
marshes for each groue.§.,fishes: Windsor = 3.042, Chezzetcook = 3.015, p=0.193).
Connectivity of nodes, however, shows significant difference between Windsor and
Chezzetcook. For example, insects and spiders, isthgldach have higher connectance
at Chezzetcook than Windsor (p = 0.031 and 0.036, respectively), whereas crustaceans
and annelids each have higher connectance at Windsor than Chezzetcook (p = 0.025 and

0.001, respectivelyAppendix B3).
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For Windsor, canectance of mammals, birds, fish and basal resources do not
show significant differences across zones but crustaceans have significantly lower
connectance values in the high marsh than in the mudflat and low marsh (HM = 0.427,
LM =1.114, MF = 1.092, p 8.008). Foraminifera connectance valaggficantly
increasdrom high marsh to the mudflat (HM = 0.330, LM = 0.525, MF = 0.709, p =
0.02). In all zones, invertebrates have a significantly lower trophic level than vertebrates
(p<0.002 Appendix B3). Thetaxa with the highest connectance values change through
the zones, with biting flies having highest connectance in the high marsh, and amphipods,
shrimp, and polychaetes having the highest connectance in the mudflat.

For Chezzetcook, a few taxa show sigmaiht differences in connectance between
zonesInsects and spideshiowconnectance decreases from high marsh (1.247) to
mudflat (0.776; p = 0.032andcrustaceans and foraminifeshow connectance decreases
from high marsh to mudflat (p < 0.001 for bpt@verall, as at Windsor, there is no
significant difference in trophic levels across zones for vertebrate taxa (p=0.499), but
invertebrate taxa show significantly lower trophic level from high marsh to mudflat
(p=0.044). The taxa with the highest conaece values changes through the zones, with
four species of birds having the highest connectance in the high marsh and mummichogs
having the highest connectance in the mudflat and low marsh. In all zones, biting flies are
within the top 10 most connecteak(Supplement EB).

Multidimensional scaling of foc@veb properties of the similarities of
Chezzetcook and Windsor marshes and zones (Fig.3.8) shows that Windsor mudflat is

most dissimilar, followed by Windsor high marsh and Chezzetcook mudflat. Coeaket
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and Windsor low marsh zones are clustered together, followed by Chezzetcook high and

mid marshes.
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Figure 3.8: Multidimensional scaling analysis overlaid with normalized Euclidean
distances from cluster analysis of food web properties of ChezzedoddWindsor

marshes and zones (C = Chezzetcook, W= Windsor; H= high marsh, M = mid marsh, L =
low marsh, MF = mudflat).

The coefficient of variation is the spread of variability, and it is used to evaluate
which parameters are responsible for the lstrgdferences in foodweb properties across
resolutions and tidal zones. Overall, when comparing the differences in resolution and
zone properties for both marshes, the resolution variability was larger than zonal
variability (Chezzetcook resolution CV 98B, zone CV = 16.06 p = 0.02; Windsor
resolution CV = 19.18, zone CV = 15.24, p = 0.58@pendix B3). Although not

significant for both marshes, the zonal variability at Chezzetcook was higher than zone

variability at Windsor.
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3.4.3 Niche model

Oveull, the niche model of Williams and Martinez (2000) fits well to structural

properties of trophic interactions/§andC) in the Nova Scotia marshes, but not to all

types of species properties. For example, the niche model underestimates the percentage
of basalgroupsand herbivores and overestimates the percentage of omnivores. The niche
model fits the empirical webs better when zones are computed separately and show
matches for ©11 out of 14 properties (Table 3.6). Values for different resolutions show
some differences in fit to the niche model (Table 3.7). The niche model appears to fit
more closely for the lowesolution webs, with the highest number of faweb

properties within niche model error, although the Nova Scotia webs contain more taxa
thanmany other highly resolved webs.g.,Dunne et al., 2004). To examine niche model

fit with fewer taxa, we also ran the niche model against earlier, preliminary even lower
resolution webs for Chezzetcook and Windsor (data not shown in this paper). Tée nich
model fits less well with those preliminary data than with the currentésalution webs

(only 6 and 7 of 14 properties, respectively, were within model error; Table 3.7). An

overall summary of results is listed Tiable 3.8.
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Table 3.6 Niche modecomparisons to zorgpecific food webs of Chezzetcook and Windsor salt marshes. Niche model results are in
parentheses. Bold values are within #bf niche model error, showing a good fit to the empirical food web property.

00T

Chezzetcook Windsor
Middle

High Marsh Marsh Low Marsh Mudflat High Marsh Low Marsh Mudflat

TS 119 132 134 104 96 119 117
13.48 17.17

L/S 14.74(14.74) 14.96(14.95) 13.54(13.55) 14.45(14.49) 12.34(12.36) (13.49) (17.19)
C 0.12(0.12) 0.11(0.11) 0.1(0.10) 0.14(0.14) 0.13(0.13)  0.11(0.11)  0.15(0.15)
LinkSD 0.61 (0.50) 0.62 (0.51)  0.55(0.51) 0.48(0.49) 0.54(0.50) 0.5(0.48) 0.43(0.48)
cC 0.2(0.21) 0.2(0.19) 0.16(0.17)  0.16 (0.23) 0.19(0.21)  0.16(0.19)  0.17 (024)
%Top 0(3.4) 0(3.5) 0.75(3.6) 4.81(3.4) 1.04(3.75) 0.84(3.8) 10.26 (3.0)
%lnter 79.83(87.9) 83.33(87.9) 86.57(87.0) 83.64(88.0) 84.38(86.5) 89.08(86.8) 82.05(89.4)
%0mn 55.46 (83.2) 55.3(83.1) 54.48(81.6) 61.54 (83.6) 60.42 (8.9) 63.87 (81.9) 69.23(85.5)
%Basal 20.17 (8.7) 16.67 (8.7) 12.69(9.5) 11.54(8.6) 14.58(9.8) 10.08(9.4) 7.69(7.6)
%Can 18.49(14.1)  17.42(12.8) 18.66 (11.1) 19.23(16.3) 13.54(14.7)  21.01(12.7) 20.51(17.4)
%Herb 28.57(3.4) 28.79(3.5 32.09(4.0)  30.77(3.3) 26.04(2.3) 28.57(3.6) 24.79(2.9)
TLMean  2.33(3.29) 242 (3.29) 2.42(3.21) 2.37 (3.34) 2.59(3.23) 2.54(3.21)  2.55(3.49)
MeanSim  0.13(0.13) 0.11(0.12) 0.1(0.10) 0.14(0.14) 0.12(0.13)  0.11(0.12) 0.15(0.15)
GenSD 1.16(1.07) 1.15(1.08) 1.06(1.10) 1(1.05) 0.92(1.06) 0.92(1.09) 0.9(1.03)
VulSD 0.65(0.56) 0.69(0.56) 0.66(0.58) 0.66(0.56) 0.77 (0.57) 0.77 (0.57) 0.78 (0.55)

bold = within +/-1 model error; good fit of model to empiiadata
italics = marginal model error (between 1 and 1.2); marginal fit of model to empirical data
underlined= large error (>6); severe under/overestimation of model to empirical data
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Table 3.7. Niche model comparisons to higimedium and lowresoluton food webs of Nova Scotia, Windsor and Chezzetcook.

Values from preliminary low resolution food webs of Windsor and Chezzetcook are also added to see the pattern ofi¢hef the n

model. Niche model results are in parentheses. Bold values are withiofniche model error.

Nova Scotia Windsor Chezzetcook
High Medium Low High Medium Low Old Low High Medium Low Old Low
TS 271 256 123 182 173 98 71 232 217 105 80
LS 20.68 20.55 15.05 18.61 18.27 1261 6.59 18.35 18.22 14.28 6.75
(20.67) (20.57) (15.06) (18.62) (18.30) (12.6) (6.59) (18.37) (18.2) (14.28) (6.77)
C 0.08(0.08) 0.08(0.08) 0.12(0.12) 0.1(0.1) 0.11(0.11) 0.13(0.13) 0.09(0.09) 0.08(0.08) 0.08(0.08) 0.14(0.14) 0.08(0.08)
LinkSD  0.59(0.53)  0.57(0.53) 0.5(0.5) 0.5(0.51) 0.48(0.51) 0.5(0.50) 0.52(0.53) 0.62(0.53) 0.6(0.53) 0.46(0.49) 0.49(0.54)
cC 0.16 (0.14) 0.17(0.14) 0.2(0.21) 0.17(0.18) 0.17(0.18) 0.19(0.21) 0.06 (0.16) 0.17(0.14) 0.17(0.15) 0.21(0.22) 0.05 (0.15)
%Top 0.37(2.7) 0.39(2.64) 0(3.5) 0.55(3.0) 0.58(2.9) 1.02(3.9) 31 (6.3) 0.43(3.13)  0.46(3.0) 0(3.5) 33.75 (5.9)
%inter 85.61 84.77 90.24 90.11 89.02 88.78 59.15 83.62 82.49 90.48 56.25
(89.9) (90.0) (87.9) (89.4) (89.3) (86.6) (78.4) (88.9) (89.0) (87.9) (791)

%0mn 58.3 59.38 76.42 66.45 67.63 77.55 64.79 54.74 55.3 72.38 56.25

? (85.57) (85.69) (83.3) (85.2) (85.0) (81.7) (69.9) (84.4) (84.4) (83.2) (70.0)
%Basal 13.65(7.39) 14.45(7.36) 8.94(8.59) 9.34(7.6) 10.4(7.8) 10.2(9.5) 9.86(15.3) 15.95(8.0) 17.05(8.0) 9.52(8.6) 10(15.0)
%Can 17.71 18.75 24.39 19.23 20.23 23.47 0 17.68 18.9 26.67 0

0 (8.3) (8.71) (13.78) (11.3) (11.3) 24.7) (9.89) (8.71) (9.1) (15.5) (9.0)
%Herb 29.89 29.69 14.63 25.82 26.59 12.24 25.35 31.47 31.34 18.1 31.25

0 (2.93) (2.85) (3.57) 3.1) (3.1) (3.9) (7.54) (3.2) (3.1) (3.6) (7.64)
;\r/ILean 2.39(3.33) 2.39(3.34) 2.78(3.31) 257(3.36) 2.53(3.35) 2.85(3.24) 244(2.77) 2.32(3.29) 2.32(3.29) 2.77(3.34) 2.47(2.77)
I\S/Ii(renan 0.08(0.08) 0.08(0.09) 0.11(0.12) 0.1(0.11) 0.1(0.11) 0.12(0.13) 0.11(0.1) 0.09(0.08) 0.09(0.09) 0.12(0.14) 0.09(0.09)
GensD  1.15(1.15) 1.14(1.14) 0.78(1.07) 0.98(1.11) 0.97(1.11) 0.7(1.06) 0.78(1.12) 1.21(1.14) 1.2(1.14) 0.82(1.05) 0.92(1.14)
VulSD 0.72(0.53) 0.71(0.57) 0.85(0.57) 0.74(0.57) 0.75(0.57) 0.9(0.57) 1.19(0.61) 0.62(0.57) 0.65(0.53) 0.72(0.57) 1.12(0.61)

bold = within +/~1 model error; good fit of model to empirical data
italics = marginal model error (between 1 and 1.2); marginal fit of model to empirical data
underlined= large error (>6); severe under/overestimation of model to empirical data



Table 3.8 Summary of key results for Nova Scotia salt marshes (Chezzetcook and
Windsor) across varying taxonomic resolutions and across tidal zones.

Summary

Invertebrates represent >50% of taxa in khigbolution webs
but c. 25% in lowresolution webs.

HigherC in low-resolutionwebs because aggregated nodes
have more realized links per species.
%Herband%Basalmuch lower in lowresolution webs.
%0mn, %Intand%Herbare much higher in higresolution
webs. Biting flies, mummichogs, and amphipods are the n
connected taxa.

Excluding foraminifera does not significantly change food
web propertiesdespite their high abundarsddean trophic
levels do not differ significantly across resolutions for eithe
salt marsh.

Invertebrates have higher connectance and vertebrates hi
lower connectance in our lowesolution webs. Vertebrates
have a lower connectance than invertebrates irrémolution
webs.

Vertebrates have higher trophic levels in {mgolution webs.
All low -resolution marsh webs are clustered in MDS plots.
Foraminifera have increasing connectance for entire mars
from high marsh through mudflats.

Higher%Topin mudflat zones.

Higher%Basalin higher marsh zones.

Results

How much detail is enough?

Taxonomic q

Resolution
1
1
1
1
1
1
1

Spatial q

Gradient (Tidal

Zones) q
1
1

Salt marsh comparisons

Windsor mudflat has greatest difference between zones;
Chezzetcook highnd middle marshes group closely;
Chezzetcook and Windsor low marshes group closely.

Windsor 1 More fishes and bird taxa.
(young, f More %Top.
macrotidal, f Crustaceans and annelids have higher connectance
ice-scoured) 1 Overall, similarffood web properties to Chezzetcook.
Chezzetcook 1 More vascular plants.
(old, mesotidal, 1 Larger spread of values (variability) across resolutions
thin ice) f Insects/spiders, and birds have higher connectance
1 Resolution is more significant than zones whatinguishing
the cause of variability across zones, however, variability
across zones is higher here than in Windsor.
Niche model
1 Does not fit well to functional group properties.
i Fits better to lowesoltion webs andvebs separated by tide
ZOres.
1 Underestimate%Herband%Basaland overestimateOmn

in high- and mediurrresolution metawebs.
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3.5 Discussion

3.5.1 Taxonomic resolution

We compared two cool temperate salt marshe
marsh food webs change withd f er ent | evel s of taxonomic
resolution of a food web dictates the species richri@snfl connectang), and these

measures are important in understanding how the food webs work and how complex and
stable the ecosystem(BBunne et al., 2002b, 2004). Taxonomic resolution decreases by

about half between the highnd lowresolution Nova Scotia webs. Invertebrates

dominate the highesolution web with 58% of the species richnessl invertebrates,

meiofauna and basal taxa ri@ss is significantly less in the les@solution webs (Table

3.8). The number of vertebrates remains the same. This is a general problem with most
published food webthattaxonomicresolution is low at invertebrate and basal levels but

high for vertebratew/hich are represented as specatber than higher categoriesd.,

genera, families, orders, classas)parting bias to the analysis. In fact, vertebrates

comprise less than 3% of all known animal species and should not represent the bulk of
trophic rodes in an ecologically realistic food web unless weighted by biomass. In salt
marshes, where meiofauna, including foraminifera, comprise a major component of the
food-web biodiversity, this invertebrate:vertebrate balance is especially problematic.

In thepresent study, trophic levels of vertebrates and invertebrates do not change
significantly with taxonomic resolution, but connectance does. The higher connectance of
invertebrates in lowesolution webs indicates a high aggregation of nodes, which affects
the interpretation of ecosystem complexity and stability (Dunne et al., 2004). Removing

nodes in a food web not only changes overall properties such as connectance and linkage
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density but also modifies the trophic distribution (Dunne et al., 2013). INdhe Scotia
webs, aggregating lowvophic level taxa into fewer nodes reduces the importance of any
given group. For example, at Winds@grophium volutatoamphipods are the main

food source for theemipalmated sandpip€alidris pusilla(Boates and Sith, 1989)

and for many fish (Partridge, 2001). If amphipods are amalgamated into one node, the
web is unable to model disturbance scenarios involving a single lost species. Similarly,
the impact of dieback in a single key plant species suipaginawould not be wel
predicted, despite its devastating consequences (e.g McFarlin, 2012).

Comparison of Nova Scotia higand mediunresolution webs shows that
foraminifera do not have significant effects on web properties, despite their role as food
source tanany highly connected speciesd.,amphipods, midges, polychaetes:
Supplement EB) of great importance to ecosystem structure and energy flow (Lipps,
1983). At Windsor, foraminifera are among tti&leastconnected taxa in the high
resolution web, whees at Chezzetcook some basal taxa
moving most foraminifera to the top 20 leashnected species. Carrion (dead
macrofauna) is a food source for many te&apgplement B) but is among th&0 least
connected taxéSupplement B3), reflecting its status as a basal source with links only to
consumers.

The lowresolution webs for Windsor and Chezzetcook have higher overall
connectivity than the highesolution webs, probably a reflection of low taxonomic
resolution (Dunne et al. 092b). An example of high connectivity for low taxonomic
resolution is the node of phytoplankton, which has a consistently high connectivity in all

the food webs because diatoms are assigned as highly aggregated basal nodes that include
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multiple speciesand life forms from benthic to small planktonic taxénus, they have
more consumers than other individual prey items and form important connectance points
(Wood et al., 2015).

Connectivity values also are significantly higher for invertebrates than \agdebr
in low-resolution webs (Table 3.7), which is indicative of taxonomic lumping for
omnivorous and intermediate taxa (Wood et al., 2015). In contrast, connectivity is higher
for invertebrates in the NS higlesolution metaweb. Thus, interpretation ofsastem
structure and stability is strongly influenced by resolution, especially for webs with high
aggregation as evident in stream habitats (Thompson and Townsend, 2005) and intertidal
areas (Wood et al., 2015). The Nova Scotia comparisons confirm teeernnciple
(Dunne et al., 2004) that more highlysolved foodwebs have proportionally lower
connectance values.

Individual connectivity values do not fully represent the ecological role of a species
because food webs are based on presence or absende aot account for abundance
and biomass. For example, at Chezzetcook, biting midge larvae are among the most
abundant epifauna ditamentousalgal mats and have a high connectivity in both-low
and high resolution webs (> 2.Bupplement B3, B-4). The abundant amphipod
Leptochelia rapakas a connectivity of 0.96 in higiesolution webs but a much higher
value of 1.54 in agregated lowresolution webs (Supplement® B-4). Thus, two
abundant species in the algal mat community have different coviteedepending on
the taxonomic resolutiordditionally, conclusions aboudbod webs need better
integration of noftrophic interactions, such as sbihding on mudflats, to improve their

explanatory and predictive qualities (van der Zee et al., 20Hbjtdd modification can
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strongly change foe@eb structure by increasing or decreasing species richness, and by
alteringtrophic interactions. Invertebratandsourceshave more importance in
temperate marsh ecosystems, both ecologically and physicalijnally the most
connected species in a food web is the main community structural component, but van
der Zee at al. (2016) show how temperate Atlantic salt marsh hatmthtiers like
Spartina alterniflorahave equal importance despite a lower connegtivit

Small macrofauna (especially biting flies, amphipods, and shrimp) are abundant in
the marsh and mudflat epibenthos and are important structural elements of Chezzetcook
and Windsor webs (Fig. 3.3upplement B3). SancheHernandez et al. (2015) showed
that, in mountain lakes, they extract resources from multiple trophic levels, which
promotes foodveb stability. For example, biting flies have multiple feeding strategies
during their life cycle from deposieeding sedimentwelling invertebrates to seally
dimorphic parasitic or frebving adults, and are highly connected and important trophic
speciesMeiofauna and small macrofauna occupy the lower trophic levels of a food web
and are typically detritivores or herbivores (Miller et al., 1996), yigldiigh%Herb
values in all the Nova Scotia food webs (Table 3.4). They represent a large fraction of the
biomass and are an important food source for species at higher trophic levels {Schmid
Araya et al., 2002). Being also intermediate and omnivorousttayaadditionally
impact the lowest trophic levels (Miller et al., 1996).

Most webs show high levels of omnivory (Dunnelgt2004), as noted in the Nova
Scotia webs (Table 3.460mn= c.58 to 76). Webs with both highOmnand a high
proportion of inermediate feedeflinter (>80%) are expected to have increased linkage

density and therefore greater foagb stability (Sancheklernandez et al., 2015).
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Omnivorous and intermediate taxa such as foraminifera, midges, amphipods, shrimp and
annelids are impant vectors for transferring energy through the food web.
Additionally, foraminifera, harpacticoid copepods and nematodes can make up 95% of
the meiofauna (Chandler, 1989), with thousands of individuals in a 10 ml sample.
Foraminifera are a large parttbie infaunal and detrital system of salt marshes. Our
results show that the mediurasolution NS metawebs, which exclude foraminifera, do
not differ significantly from the higinesolution webs. However, in view of the lower
resolution of most publisheddd webs, exclusion of foraminifecauld make a larger
difference in topology, emphasizing their significance in the ecosyBie@ry food
webs do not account for abundances and biomastlde sotope analysis may help
answer the question of foramieral foodweb importance by quantifying the trophic role
of these abundant protists (Chapterad)d biomassbundance calculations of Chapter 5
emphasize foraminiferal importance in the small food.web

In the NS webs, the meiofauna are generalist hembév@eating plankton, algae,
plant detritus, particulate organic matter, and bacteria) and are consumed by generalist
feeders such as worms, insects, crustaceans and small fishes. Over 50 species (21% of the
taxa) in the NS web are in the meiofauna singeaor part of their life cycle, comprising
over 70% of the total consumers. In temperate benthic freshwater aquatic systems of the
UK, meiofauna also represent a high proportion (70%) of the taxa (S¢nayd et al.,
2002). These generalist omnivoresdthen food chains and increase web complexity and
stability as energy is transferred in various pathways to larger consumers (Sctayad
et al., 2002). Omitting meiofauna misrepresents web complexity and influences

interpretation of foodveb patterns. flese small omnivores also play a crucial role in
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maintaining biodiversity and mediating any cascading ecosystem eftettsas
extinctions( Br uno and O6Connor, 2005) .

Omnivores form crucial links to and from the proddbea s ed fAgreen f ood
andthedtritusbased Abrown food webs, 0 and so are
ecosystem stability (Wolkovich et al., 2014). These detbhased systems with abundant
and diverse generalist omnivores promoteisatsh ecological stability, and future food
webresearcts houl d seek to separate andvefbslol owm t
an ecosystem (Moore et al. 2004). All the Nova Scotia webs have < 10% conversion to
trophic species, and zero conversion for some-zpeeific webs with no 100% shared
predators or prey for nodes. These highly resolved webs suggest a robust response to
ecosystem disturbance (Dunne et al., 2002b), whereas the imdivedual species
connectance and percentage of taxonomic aggregation in thresolation webs would
suggest less stability and robustness. The higher conneat@heead lower links per
speciesl(/S) in low-resolution webs reflect high taxonomic aggregation and an uneven
trophic resolution.

As binary food webs increase in quality, models and generalizdiecome
rejected (Akin and Winemiller, 2006). The niche model of Williams and Martinez (2000)
shows a good fit to the Nova Scotia webs only at lower resolution. Although the model
fits ecological food webs better than random and cascade models, it it@solira for
comparison with speciagch webs such as the Nova Scotia datasets. Dunne et al. (2004,
2014) emphasized that increased trophic richness decreases the fit to the model, which
often highly underestimates the proportion of herbivores in themmy@iable 3.6). This

value has the biggest discrepancy in ourawielhe model comparisons. In the NS webs,

108



the herbivore category incorporates all consumers of basal sources (Fig. 3.3; detritus,
phytoplankton, bacteria, carrion) and includes detritivdrasterivores, and scavengers.
The high number of species that consume these basal sources and plants explains why the
niche model greatly underestimates the WigHerbvalues (Table 3.6). Additionally,

Dunne et al. (2004) found that basal groups are thst aggregated even in the most
taxonomically uniform webs. In food webs for mountain lakes, more taxa lead to greater
change in web properties (Sanchézrnandez et al2015), regardless of ecological
function. In the intertidal webs studied by Wood e{2015), five properties did not fit

the niche model witl$ <50, but nine did not fit witls= 100. Comparison of the high
resolution NS webs with the niche model emphasizes that the model cannot
accommodate empirical food webs with high species richar@ssow connectivity.

Possibly such highesolution speciedgch webs would follow a nestedderarchy
model €e.g.,Cattin et al., 2004) that incorporates phylogenetic constraints instead of
body-size constraints in the niche model, better reflectingtimeplexity and
multidimensionality of natural systems. The niche model prediDist®is of O but all
food webs examined, including the Nova Scotia webs, B&t®is of 0.10 or higher,
indicating more dimensionality to the feeding hierarchy than accom@ddy the
standard niche model (Cattin et al., 2004). However, neither niche nor-hestaathy

models perfectly match the empirical system.

3.5.2. Chezzetcook and Windsor metawebs
Structurally, Chezzetcook and Windsor have similar faeth properes, with no

significant difference in connectance across resolutions between the marshes (see
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summary Table 3.8). Both marshes show a similar (albeit not strong) fit with the niche
model (Table 3.6), although Windsor fits slightly better, probably duéawer trophic
richness as noted for other marine food webs by Dunne et al. (2004). Chezzetcook has a
higher taxonomic diversity in basal species (particularly, vascular plants), resulting in a
higher number of herbivores.@.,insects). Chezzetcook is@ore mature salt marsh with
a more extensive middle and high marsh and less winter ice influence. Mature marshes
such as Chezzetcoalppear tdave lower primary productivity pemit area than
immature marshesnd hereforehavean increased importancé aetritus as a basal
resource (Rooney and McCann, 2012).

At Windsor, crustaceans and annelids have a significantly higher connectance
than at Chezzetcook (Windsor: 1.0 dn#d; Chezzetcook: 0.8 and 0.9; Appendi8B
The extensive Windsor mudflats supplarge populations of small macrofauna such as
the amphipodCorophium volutatoand polychaetélediste diversicolgrwhich are
crucial food sources for thousands of shore birds at low tide and many fishes at high tide
(Daborn et al., 2003). Thesenall macrofaunglay a crucial role in the tiddominated
mudflat system. Though the same tidal feeding structure occurs at Chezzetcook, the more
extensive and diverse (in species and structure) vegetation cover leads to higher
connectance for insectsspidersand birds than at Windsor (Chezzetcook: 1.2 and 1.5;
Windsor: 0.9 and 1;JAppendix B3).

3.5.3. Tidal gradients
In each Nova Scotia marsh, the high and middle marsh zones are more closely related in
food-web structural properties than either ishelow marshor mudflat (Figure 3.8,

nMDS plot). This is expected because high
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composition with higher diversity of vascular plants and insects, whereas the low marsh
and mudflat have a more marine compositiorhwestuarine fish, crustaceans and

annelids. The tidal gradient that determines the marsh zones is-adatge

heterogeneity, similar to the spatial heterogeneity in longitudinal river gradeegts (
Romanuk et al., 2006) and estuaries with tidal spatedients (Wood et al., 2015,

Alaska; Coll et al., 2011, Atlantic Canada). In coastal systems such as the Tagus Estuary,
Portugal, the salinity gradient is the main reason for significant differdretegen web
propertiegVinagre and Costa, 2014). Thercentage of top predators (mostly fish)
increases with increasing salinity. In these estuarine systems, fish and birds predatory on
fish are athigh-trophic levels, but the marine fish cannot tolerate low salinity and the
percentage of top predators deases with marsh elevation (Vinagre and Costa, 2014). In
both Nova Scotia marshes, the connectance of foraminifera increases from the high
marsh to the mudflat, which accords with previous statements on the important role of
sediment meiofauna to the diefsmany uppetevel consumers in these detrifoased
systems.

Saltmarsh conditions are dynamic, and organisms must cope with frequent
inundation by sea water, lengthy exposure that increases the risk of desiccation, and an
environment of fluctuating axe (Bertness, 1991; Scott et al., 2014). Badirsh tidal
gradients (zonation) must be considered when analyzing ecosystem energy flow. Because
the highresolution, zonepecific webs take this physical heterogeneity into account, they
are a more accuratepresentation of satharsh ecology than the highsolution web for
the overall ecosystem. In general, our species composition data (ApBehdshow that

organisms typical of the mudflat and lower regions of the marsh can cope with or tolerate
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frequent and prolongetidal inundation (see Bertness, 1991; Mitsch and Gosselink,
2008).

3.5.4. Comparison with other food webs

Overall, the Nova Scotia sattarsh food webs have higher taxonomic resolution than 17
previously published webs for marine, frestter and terrestrial environments (Table 3.9,
Fig. 3.9). TheChezzetcook and Windsor webs are structurally similar to Nova Scotia
rockweed and seagrass ecosystépechmidt et al., 2011), arah a global scalép one
estuary wepandseveralake and grasand webs reviewed inDunne et al., 2004;

Vinagre et al., 2017). Other estuarine webs andrignditerraneastlimate Carpinteria salt
marshin California(Lafferty et al., 2008 with parasites removed from the predgicey
matrices) are less similar. &ddition to drastic physical differences between California
and Nova Scotian salt marshes, the California webs have more-aggnggated basal
and invertebrate groups and contain more detail for higher trophic level$oWap

much larger (>17) than th¢ova Scotia marsh values of <2% (Table 3.9).
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Table 3.9.Comparison of eight food web properties for 19 food webs, including three

salt marshes (present study, and Lafferty et al. 2006), Nova Scotia rockweed and seagrass
(Schmidt et al., 2011),ne terrestrial (UK grassland) and several freshwater systems

(Dunne et al., 2004) and other marine webs (Dunne et al., 2004; Vinagre et al., 2017).
Data are used in multidimensional scaling analysis for Figure 3.9.

TL

TS L/S C %Top  %linter %Omn  %Basal Mean
\F’eve'rs‘glslj’tgo"nﬂw 98 1261 0.3 1.02 8878 7755 102 285
ggggﬁgﬁfk Low 105 1428 0.14 095 8952 7238 952 277
Carpinteria 8 58 007 398 506 554 9.6 2.61
NS Rockweed:+ 60 12.42 021 15 70 83 15 1.94
NS Seagrassz+ 51 13.65 027 22 63 82 16 1.83
UK Grassl an 61 1.6 0.03 31 56 21 13 2.6
Little Rock 92 108 012 1 86 38 13 2.4
Mirror Lake 172 25.1 0.15 1 74 59 25 2.1
Lake Tahoe 172 226 013 9 66 58 28 2.1
Canton Cree 102 6.8 0.07 25 22 8 53 1.5
Stony Strea 109 7.6 007 17 27 10 56 15
Chesapeake 31 22 0.07 32 52 52 16 2.4
StMarks Estua 48 46 01 17 69 71 12 2.5
Ythan Estuar 83 4.8 0.06 37 54 54 9 2.6
NE USA Shel 79 178 022 4 94 78 3 3.1
Smal | Cari b 50 11.1 0.22 0 94 86 6 2.9
Large Carib 245 138 005 O 08 87 2 3.1
Iﬁg;ig?;“afy 53 47 009 28 57 60 15 255
Tagus Estuary ¥ 9 52 006 27 63 69 10 2.67

*present study
Lafferty et al., 2006
+ Schmidt et al., 2011
Dunne et al., 2004
¥ Vinagre et al., 2017
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Figure 3.9.Multidimensional scaling analysis overlaid with normalized Euclidean
distances from cluster analysis of@mmon food web properties of Chezzetcook and
Windsor salt marsh webs with previously published webs (see Table 3.8).

In addition to uneven taxonomic resolution, an increase in species richness will
change web structure, regardless of the speciesdtitara (Sancheklernandez et al.,
2015). Our lowest resolution webs have more taxonomic resolution than some high
resolution webs in other published studies, making direct comparison difficult. This issue
has long been unresolved (Dunne et al., 2004).Rlgcenore speciesch (S<100) and
evenlydistributed fossil lake webs have been analyzed but limitations remain unresolved
when comparing to a probabilistic niche model and previously published webs (Dunne et
al., 2014).

Food websevealgeneral commuty properties (Vinagre et al., 2017), and
neither large samples nor large spatial scales can be informative about local variability
and sitespecific heterogeneity in salt marsh zones. For the Tagus Estuary, Vinagre et al.
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(2017) showed that the extentzgsiof the study area and salinity range, equivalent to how
we interpret the Nova Scotia tidal zones) impacts web structural properties more than the
grain (taxonomic resolution). Spatial scale was also examined in the intertidal zone of the
Sanak Archipelgo in Alaska (Wood et al., 2015), where extending the sampling area
increased the taxonomic and link richness but masked heterogeneity and species
interactions on a smaller spatial scale.

The coefficient of variation (CV) for foedieb properties shows thaeither
taxonomic resolution (Table 3.4) nor tidal gradient (Table 3.5) has a predominant effect
on web differences across resolutions and zones: both play important roles. A CV >10
indicates significant variability between properties (Vinagre et al.7R0or both Nova
Scotia marshes, both taxonomic resolution and tidal gradient have mean CV values >10.
Chezzetcook web properties across tidal zones give a larger coefficient of variation than
zone variability at Windsor, probably because of the largpgation of middle and high
marsh which is ecologically different than the low marsh and mudflat (Figure 3.8). In
contrast, the vegetation gradient at Windsor is less pronounced and the difference in web
properties across marsh zones is smaller. For thaslastuary, extent (equivalent to
tidal gradient in the Nova Scotia study) is also the main cause of difference in web
properties (Vinagre et al., 2017).

For Chezzetcook and Windsor, the mummickogdulusheteroclitushas the
highest connectance in tlev marsh and mudflat zones and the highest connectance
overall at Windsor. Similarly, small fish have higher connectance in Argentinian
estuarine food webs (Alvarez et al., 2013). Elsewhkeetaxonomic aggregation of

lower-level taxa €.g.,diatoms anather basal sources) may lead to a false interpretation
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that these nodes have more predators (higher connectance) than other nodes in the web
(Wood et al., 2015)-or the most part, the levesolution Nova Scotia webs contain more
taxonomic diversity ate lower trophic levels than most previously published webs
reported by Dunne et al. (2004).

A salient question is fiDo highly resolywv
effort required for dwebpropertie$ duah astconteec® 0 St r u
are sensitive to the level of taxonomic inclusiveness, resolution and sampling effort. In a
study of freshwater stream webs along a pH gradient, Oleson et al. (2010) found a trade
off between undesampling and including links that may not be realilzcally although
common elsewhere (as cited by Layer et al., 2(A®)d webs need to be simple enough
to be understood without losing the realism that they are intended to represent (Polis,
1991). Dunne et al. (2013) showed that food webs change bilysimpeasing
taxonomic richnessS and connectand€), e.g.,when parasites are added. The high
resolution Nova Scotia data indicate that invertebrates, metazoan meiofauna and
foraminifera also play specific roles in changing web properties beyonohgiaets of
increasingSandC. For example, biting flies are some of the most highly connected
species in all webs, with multiple trophic stages of their life cycle and a feeding hierarchy
not based on bodsize ordering the basis of the Williams and Mam¢z (2000) niche
model. In part for this reason, the feeding mode of many invertebrates and the high
species count (S >100 in Nova Scotia marshes) leads to a poor fit with the traditional
niche model. A better fit might result from comparison with theiffemtiniche model of
Klecka (2014) that includes predajarey body mass, or with the nesteiérarchy model

which better reflects the complexity and multidimensionality of-fécta complex
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systems by using phylogenetic constraints for prediction (Gettah, 2004). Rooney and
McCann (2012) showed that detrital energy (presumably also including carrion) flows
more slowly but includes greater diversity. The benthic ecosystem is more structurally
complex and has more diverse communities than the fast icha marine pelagic

system, and salt marshes typify ecosystems stably anchored by the benthos (Scott et al.,
2014).

3.5.5. Implications for conservation

Food webs are powerful tools for examining ecosystem structure and function in terms of
species antheir energy flow, crucially important for understanding ecological roles and
biodiversity mechanisms (Thompson et al., 2012). Much-feel research has focused

on ecosystem robustness, stability and ecological complexity in terms of cascading
effects andpecies loss in times of ecological change, for modern eafaAbascal

Monroy et al., 2016, for Terminos Lagoon, Mexico) and fossil assemblageunne

et al., 2014, for diversification following the ei@tetaceous extinction at Messdased
ontheir structural properties, Nova Scotia satirsh webs are complex not only in terms
of links and number of species but also in robustness and stability thiteugigh

proportion of omnivorous (>50%) and intermediate (>80%) species (Polis and Strong,
1996). Omnivores have large and possibly mediating effects on ecosystem disturbance
because they feed on multiple trophic levels (Marczak et al., 2011). Trophic cascades
(secondary extinctions) are less common in complex webs due to a high number of
indirect interactions, as provided by the Nova Scotia intermediate and herbivorous taxa

(Bruno and O6Connor, 2005).
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In terms of overall physical robustness, the high elevation rangpasfinagrass
and high sedimentation rates give Bay of Fundy margtezgresilience and promise for
low-maintenance restoration projects (Byers and Chmura, 2007). The macrotidal system
and high sedimentation rates are listed as the key factors for such successiuvktidal
marshrestoration (Gerwing et al., 2017). At Windsarfully-functioningSpartinasalt
marsh ecosystem has developed within 30 years without human metbdtamg
causeway constructioin comparison to other older Bay of Fundy marshes, Windsor
apparently has fewer vertical zones and less floral diygiByers and Chmura, 2007).
However, due to habitat loss over the last 400 years, few pristine reference marshes
remain in the Bay of Fundy, comprising <15% (2700 hectares) of thEg0@area, and
they have more higharsh vegetation compared to newsdgtored sites with higher
abundance dbpartina alterniflora(Bowron et al., 2009). Mesotidal salt marshes in-cool
temperate southeast England can recover quick Q2 years) on reclaimed land but the
replacement marshes have fewer species and diffggentes compositions, even 100
years later (Garbutt and Wolters, 20a8igh-resolution food webs that include
meiofauna, small macrofauna and foraminifera can also indicate ecological function and
health, as indicated by the structural web similaritytheryoung Windsor and mature
Chezzetcook marshes. Our data suggest that biodiversity and energy flow in a macrotidal
marsh may be restored relative to a mature mesotidal marsh in about 50 years.

Barnosky et al. (2017) pointed out that food webs are rigtimportant for
ascertaining the structure and robustness of ecosystems but also for conserving and
monitoring their health. This requires managing the functional integrity and attributes that

characterize the entire ecosystem, rather than solely a miespf interest. The
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paleobiology of extinct systems and their food webs provides a baseline for evaluating
response to disturbance (Barnosky et al., 2017) and aids in optimizing conservation
planning for modern ecosystems at risk. Recently, food waleslieen used to look at
ancient ecosystems.@.,the Cambrian Burgess Shale; Dunne et al., 2008) and fossil
ecosystem mass extinctioresd.,the Permiasilriassic and Cretaceod®aleogene events)

to compare with modern analogs. Cambrian Burgess Shalghamjiang Fossil Beds

food webs uséow-resolution, highuncertainty data that are highly spaaad/or time
averaged and show a good fit to the Williams and Martinez niche r(iddehe et al.,

2008) Forecosystems following the Permidmiassic mass eitction in South Africa,
Roopnarine and Angielczyk (2015) found that the stability of the community depends
more on the functional diversite.@.,%0mn, Inter, Herpthan on high species richness.
Dunne et al. (2014) found that lake and forest communitidse Eocene Messel Shale

(48 Ma) were speciesch (S >100), with a poor fit to the probabilistic niche model of
Williams and Purve(2011). If evaluated only with a model fit, the Messel communities
would appear to differ significantly from extant egstems, most of which use the niche
model when S <100. Dunne et al. (2014) recommended comparing this extinct food web
with speciegich webs (such as Nova Scotia galirsh webs), rather than simply using a
theoretical niche modeAlthough fossil salimarsh communities might not survive
transgressive erosion, trace fossils in estuarine deposits might constitute proxies for low
resolution food webs to evaluate changing salinity, sedimentation and interstitial oxygen

in fossil ecosystems (Hubbard et al.02D
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3.6. Conclusions
The importance of taxonomic resolution tmol temperate salt marshes in Nova Scotia
was analysed to answer the question of how much detail is etmuagpture the
structure of the salt marsh detritivorous systémo-hundred ane@ighty onenodeswere
compiled from hundreds of samples taken over six years from two marshes for a regional
(Nova Scotia) higiresolution metaweb with 5995 feeding links. The larger, mature
Chezzetcook marsh has 244 nodes and 4673 links and the snoalteg,\Windsor marsh
has 191 nodes and 3778 links. Meditasolution webs, excluding only foraminifera
species, did not significantly change the food web structures:résaution webs,
however, decreased the taxonomic diversity to less than half of thighinesolution
webs, and all aggregated nodes were invertebrates and basal groups, leading to a bias to
higherlevel vertebrates when interpreting food web properties. The threedsglution
metawebs reveal that invertebrates dominate, with 58% aspitges richness. There are
slightly more fishes and birds at Windsor, and four times the number of vascular plants at
Chezzetcook. The numbers of fishes, birds and mammals are similar across different
taxonomic resolutions, but the invertebrate taxaehess by >50% between higind
low-resolution webs. There are potential negative consequences in neglecting taxonomic
details in a detritubased system where infaunal and epifaunal groups can promote both
ecological and physical stability.

When comparingo the niche model, the high species co@Q0) and the
underestimation d¥oHerb (e.g.,detritivores) are important. Salt marsh systems are
dominated by decomposers and detritivores, and including them in food webs emphasizes

a bottomup approach, wheas focusing on highdevel species emphasizes a-tigvn
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approach and a predatory system. Higbolution webs provide a more realistic portrayal
of the bottormup, detritusbased system that characterises tidal salt marshes worldwide.
Overall, the degreef taxonomic resolution is of primary importance in
determining the foodveb variability of all the NS metawebshdre are few significant
differences between the two marshasspite an 8old difference in tidal height and at
least a 5old difference n marshage This implies a high resilience for young marshes
along the macrotidal Bay of Fundy that may be important for marsh restoration projects.
However, when Chezzetcook and Windsor marshes are examined separately, the
difference across tidal zonesgreater for Chezzetcook than for Windsor, so food webs
for these spatially heterogeneous ecosystems need to be examined separately.
Considerable differences between i@amd highresolution Nova Scotian salt
marsh food webs indicate that thegdee of taxonomic resolution greatly affects
ecosystem interpretation and the representation of the entire community. Within each
marsh, however, few significant differences were obseaceass zones or resolutions in
either salt marsh. In contrast, fadividual taxa, variability in nodal averages is higher
across tidal zones at Chezzetcook where there is a distinct ternestriaé gradient.
There is also greater variability among individual taxa across taxonomic resolutions at
Windsor where the lownarsh and mudflat are more extensive and contain diverse
infauna. In general, there is enough variability between the marshes to differentiate them
by zones and validate the use of a higbolution databade reveal important
differencesThis study mayalsoserveas a baseline for global salt marsh food web

studies.
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CHAPTER 4: USE OFU*CARBON AND U**NITROGEN STABLE ISOTOPES
WITHIN AND BETWEEN TWO TEMPERATE SALT MARSHES, ATLANTIC
CANADA, TO EXAMINE PATTERNS OF FOOD WEB STRUCTURE AND

FUNCTION.

4.0 Abstract

Natur al st ab | ands“d and miios of €:Kre icnportant tals for
understanding the food web dynamics of salt marsh ecosystems, in discerning
paleoenvironments, and for monitoring anthropogenic interactions such as restoration
projects and pollution. We examined stable isotopes for the three main soasms
plants, algae, sediment organic matter) and for consumers (mostly foraminifera,
meiofauna, and small invertebrates) of two temperate salt marshes in Nova Scotia: a
macrotidal, young marsh at Windsor and a mesotidal, old marsh at Chezzetcook, with
mudflatto high marsh zones. PlafitC values distinguish £plants with depleted**C

from lessdepleted G plants, but plani™N values have greater variabiliand less clear
distribution patternsSediment values havelativelyc o n s i ¥Ctaedd'N sighatures,
regardless of zone or marsimplying widespread mixing of sources and posirtem
effects Consumers show variableema /"N vialues with meiofauna and foraminifera
having the highest variability, highlighting the need for their inclusion inmactope
analyss. Trophic positionsf consumers are within expected ranges based on other stable
isotope analysis studies, and are within predicted values from binary pfpoatdood

web calculations. Based on stable isotope analysis alone, theamsbes showo major

differencesverall butNandi™®™N val ues tend to b'éCvdiuesgsher
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more depleted at Chezzetcodrk contrast, thenarsh zones show many significant
differences in isotope signaturasd C:N valuesespecially between the highiddle
marsh and the low marghudflat,as a consequence of variation in feseb structure
along the distinct landea transitionT h e o v e r*3C angi°N siggatutes of
sources and consumers between marshes and zones emphasize the need for more than
one measure of ecosystem structurefandtion for foodweb and paleoenvironmental
analysis.
4.1 Introduction
Natural isotopic tracers, primarity°C andi*>N, provide a powerful tool for identifying
food-web linkages in aquatic ecasgms, including salt marshes (Currin et al., 1995) and
estuaries (Deegan and Garritt, 1997; Cloern et al., 2@apleisotope analysis is a
useful tool forinvestigatingrophic interactions of animsénd their food sources
(PetersorandFry, 1987; Post2002 Claudinoet al, 2013) tradng carbonsources
(Canuel et a8).1995 Connolly et al., 2006anddetermining organic matt¢©M=0Organic
Matter) sourcesn heterotroplt organismsand sedimentsQhmura and Aharon, 1995;
Coffin and Cifuentes, 199%oiii and Thomas, 2000}Ioern et al. (2002) udestable
isotopes to determine OM sources in com@eastakystems where multiple plant
communities and diverse exogenous inputs collectively sustain system metabotism
foundthe relative contribution of each input difficult to measure.

There are key knowled@ggaps related to salt marsh isotopic signatures. In
particular, although any studies have since tried to discern the exact contributions and
controls of OM, overlapping source signatures, variations in salt marsh age and elevation,

and biogeochemical eftts such as decomposition lead to inconclusive resus (
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Tanner et al., 2010; Chen et al., 20F&wassessmentgave consideredll plant
communities withira singlecomplex ecosystem to test C and N isotope ratios as source
specific biomarkers dDM origin. For example, some studies of estuaries looked at
seagrass and microalgae but not salt marsh plants (Claudino et al.,R28j80less of
the overlapping isotopic signatures, understanding the trophic dynamics and connectivity
of consumers is tical for effective tidal wetland habitat management, restoration and
conservation (Kwak and Zedle&r997)and for refinement of signatures in the geologic
record

These knowledge gaps have led to two main research questions examined in this
chapterThefirst questionis: what are the patterns and magnitudes of variability in the C
and N stablasotopic composition of plants, OM sources, and meiofaunal to small
macrofaunal communitida two temperate salt marshes with different tidal reginids?
resuls aimto clarify the detritusbased food web structure and function of the marshes,
below the level of large predators such as mammals, birds and fisleesecond
guestion is: does the importarmei basal 6 food web components
with different tidal regimes and across tidane® TheNova Scotiamarshedliffer
greatly in tidal amplitude, winter ice cover and geological atjeough there ifttle
difference intheir food web structure(Chapter 3. Previous work has emphasized the
need to examine spatial differences within an ecosystem, especially in heterogeneous
estuaries (Nelson et al., 2015), salt marshes (Park et al., 2015) and river networks
(SchmidAraya et al., 2016)T h %C U a °M valliesfor food web components allow a

more refinedunderstanihg of food webcomplexity for the Nova Scotia coastal
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ecosystemsPrevious studies (Chapter 3) usitigphic position, linkage density, and
taxonomic grougonnectancendicatethat meiofaunal interactions play a prominent role.

Our study emphasises the importance of including high taxonomic resolution of
small macrofauna (<2 cm), meiofauna® 0 e m) and foraminifera
to focus onthe $ableisotopecomposition of smakhnimal tissues and their food sources
(PeersonandFry, 1987; Post2002 Claudinoet al, 2013) Stable isotope analysisn
be used to examirleng-term feeding patterns and numerigdtace organic matter
throughafood web Thus it has an advantage o¥eeding studies angut content
analy®s that givea snapshot of consumer feeding relationships (Schwragia et al.,
2016). Furthermore, because small animals are difficult to dissect, much of their food
source is to small to identify accurately without use of specialized biomolecular
techngues.

To address the research questioh¥; a f°M valtiesof the vascular plant
(macroflora) andneiofaunal communitiesere measured faachtidal zone oftwo
marshes in Nova Scotia. Oneaisnesotidaimarsh at Chezzetcook Inlet the Atlantic
coastandthe other is anacrotidal marsh avindsor Causewagn the Bay of Fundy
(Figure 4.1) This analysis contributes to an ongoing debate (Park et al., 2015) about the
trophic role of basal sources and consumers and how their energy production moves to
thelarger fauna in the ecosystefrhese isotope datzelp to resolve th&ophic roles of
small macrofaunal angheiofaunal components of the food wetiough fingerprinting

the source matels thatfuel the energy bases tfe marsles.

125



A

BAY OF FUNDY

B Wy
. Windsor

NOVA SCOTIA 4
Halifax c
# ' ® Chezzetcook Inlet

ATLANTIC OCEAN

Figure 4.1(A) Map of Nova Scotia showing locat®af Windsor Causeway and
Chezzetcook Inlemarshes.B) Windsor marshransecin the Minas Basin, Bay of
Fundy,north ofthe constructed causewd() Chezzetcooknarshtransecbobn the Eastern
Shore of Nova Scotia, Atléic OceanlLong white lines are the location§the marsh
sampling transects

4.2 Study areas: Nova Scotia marshes
The two contrasting salt marsh ecosystems are from the cool temperate climate region
(Dfb Képpenclassification) of Nova Scotia, easterar@da Figure 4.1) The

Chezzetcook marshis4f 4 1 6 N 4 6,6a®largely fills Chezzetcook Inlet, an
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extensiveshallow estuaryvith winding channelshat drain into the Atlantic Ocean and
where thdidal heighs arebetweenon averagd).6and1.8 m. This maturemarsh began
to form betweer,000 and5,000 years agd he study site is in a sheltered area midway
between the headland and mouth of the inlet, encompéssinddally regulatedmarsh
zones mudflat(5 m wide) low marsh(2 m wide),midde marsh(50 m wide) andhigh
marsh(20 m wide) Details of the zones are given in Chapter 3 (Table 3.2)tidak
watersalinity increasesrom 107 13 psuat theinlet head to 2§31 psuat the mouth
Winter ice cover (fronDecemberthrough March)s thin. Sedimentranges from mudt
theprotected inleheadto sandy mudt thewind-exposednouth and @ganic carbon
contentdecreaseseawardScott and Medioli, 1980ayedimentation rates are relatively
low, about 12 mmyr™* higher than the rate of séavel rise (@ 37 4 mmyr™) (Chague
Goff et al., 2001)but measurements from Chmura and Hung (2004) give sedimentation
estimates of 2.8 miyr™.

The salt marsh at Windsor Causeveaythe Bay of Fund{figure 4.1; 44°
59. 750N, § i4lacatddsewdeb thavsluseway and the junction of the Avon
and St. Croixivers.The marsHormed after theauseway was built in 197Causeway
construction interrupted sedimeransportetween théMinas Basinand the Avon River,
resulting inmudaccumulation onhte seaward side of the causeway (Daledral.,2003).
Sedimentation is high, outpacing erosion and resulting in a net gain of about 1.3 cm per
year (Daborret al, 2003).Colonization byisolated patches @falt marsh cordgrass,
Spartinaalterniflora, ocaurred by the late 1980s, and by the 1990s these patches began to

merge, producing the salt marsh and mudfiah(Proosdij et al., 2009
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The marsh experiences extreme tidal heifiot® 12 to16 m. A wide mudflat
(>20 m from the tidal channel to the lost&. alterniflorg is followed by a 60 awide
low marsh, and a narrow high marsh (9 8partinaalterniflora covers about 1 kfrof
the original bare mudflat (estimated frameating polygons in satellite images from
Google Earth 2011)ntensewinterice scouringtakes place whetides carry pack ice in
and out ofthe marsH{Partridge, 2001)yemonng large amounts gblant cover The
denuded sediment is-oolonized due tspringseeding andeposition oice-rafted
marshpeat containingrassrhizomes The marsh has a steep gradient, with the top near
the causeway approximately 2 m higher than the low marsh edge adjoining the tidal
creeks (Daboret al.,2003) The overall elevation is 4.70 m abaveansea levelTidal
water salinityvaries between 25#&nd 28.0 psu, dominated at all times by Minas Basin
tidal inflow with 29.5 psu (Daborat al.,2003). The water temperature in the marsh
averages 19.6°@uring summer and autunamd thesediment has on average 68% silt

and 23% clay, with minor OM and saffdabornet al.,2003).

4.3 Field and Laboratory Methods

4.3.1Sample Collection and Preparation

As seasonality was not examined hesasngles from both salt marshes weodlerted
during September 2013 durifgv tide. Additional sampling was required
Chezzetcook in September 208dmples of flora, fawa, and sediment were taken from
each marsh zone at both sites, as described in Chaptied 3eathers and faeces of
unknown species and origin were also collected to give examples of vertebratesdha

in the marsh and to represent possible upper trophic ldéweisg vascular plants
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including rootswhen possiblewere removed, antthick (ca. 1 cmjilamentousalgd mats
werepulled by handrom thesedimensurfaceand stored in plastic bagsorFeach zone,
replicate 1L bulk sediment samples were collected from the top 5 cm to avoid sampling
anoxic subsurface sediment. All faunal and sediment samples were refrigerated until
processed, and floral samples were immediately frozen. Mabtats ach as tidal

creeks, tidal channels, and salt pannes were not sampled.

Sediment subsamples of ca.10 ml were rinsed through stacked 250 and 63 pm
sieves, and the meiofauna retained on each sieve were rinsed with filtered seawater from
the Aquatron facily at Dalhousie University and stored according to size class (>250
pum, 63250um). The meiofauna were haipitked using a Zeiss Stemi DV4 stereo
dissecting microscopd 01 40x), identified to the lowest taxonomic level possible, and
separatedccordingly(seespecies list Appendix B). Foraminifera were mainly
identified to genus and/or species level using taxonomic information in Scott and Medioli

(1980).

4.32 Stable Isotope Analysis
Sorted meiofauna and foraminifera were refrigerated for at leasiu#4 to allow
evacuation of gu'fC madhvaliestwsuld seflecttissue tathear h e i
than digestive tract content. The organisms were fixed in vials of 95% ethanol and frozen
until ca. 1.0 mg of each meiofaunal taxonomic and/or functigimalp was obtained, as
needed for analysis.

The frozen plant samples were washed with distilled water to remove residual

sediment, separated into roots, stems, leaves, flowers, and seeds, and dried in a Boekol
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Model #1078 drying oven at 60°C for 48 ho(ais samples continued to lose mass after
24 hoursout not after 48 houysThe invertebrate epifauna and meiofauna were rinsed
with distilled water and dried at 60°C for 24 hours. Insects, spiders, and small molluscs
and crustaceans were dried whole, wherhe larger crustaceans (>5 cm) and the larger
molluscs (>2 cm) were dissected and the soft tissue dried. Small gastropods that could
not be dissected were soaked in dilute phosphoric acid for 24 hours to try and remove
their shell; however, the shellgdchot fully dissolve. All meiofauna were rinsed
thoroughly on a 45 pum sieve to ensure removal of all traces of ethanol.

Thefilamentousalgalmat(probablyCladophoraandChaetomorph&pecies, see
Table 4.1)rom the Chezzetcook mudflat was washed on priieve with distilled
water to remove excess sedimant microphytobenthos (diatoms, bacteaiadl dried at
60°C for 24 hours. Whole sediment samples (10 ml) from each marsh zone were rinsed
with distilled water through stacked 250 pum, 63 um and 45sjeves, and the fractions
were dried at 60°C for 24 hours. While many stable isotope studies treat plants,
sediments and fauna in 1M HCI to remove inorganic carbonates, we followed Galvan et
al. (2008), Bergamino and Richoux (2015), and Nelson et al. 2@i® showed that
samples do not necessarily need acidification prior to analysis, and that sample
acidification may affect natural isotopic signatures.

The dried plant, invertebrate epifauna, and sediment samples were ground into a
fine powder with a mdar and pestle (meiofauna and microalgae samples were not
ground due to their small size). The ground samples were weighed into 5 x 9 mm Costech
tin capsules using a Sartorius Analytic microbala#€=0001 g) Required sample

weight ranges for each typeeve determined from the UC Davis Stable Isotope Facility
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guide athttp:/stableisotopefacility.ucdavis.edite*C and*N content of most material

was analysed using one sample, with a separatpledor plant stems in view of their
low N content. Where possible, three replicates of each sample were analysed. If dry
weights for the small meiofauna and foraminifera did not meet the minimum requirement
of 0.5 mg(Tables4.1 and 4.2, the organisms arecombined with respect to their closest
taxonomic groups (e.g. copepods + amphipods).

Sealedtrays of preparedanples were shipped to the UC Davis Stable Isotope
Facility in California, USA for analysis usirgPDZ Europa ANCAGSL elemental
analyser ad a PDZ Europa 200 continuous flow isotope ratio mass spectrometer (UC
Davis 2 0 1 4 ) C T e vélliesareexpresse@sa relative tothe international
standard®ee Dee Belemnitemestone an@dtmospheric nitrogemespectively (Vander

Zanden and Rasmussen 1999):

U X  (=3RsampliéRstandard’ 1]x1000
whereX =C or™N,and R=*C/?C or'™>N/""N. | nstrument precision

carbon and 0.3 a for nitrogen.

4.3.3 Data Analysis

Isotopic values of the same taxonomic groups from Chezzetcook 2013 and 2014 samples
did not differ significantly and the data were combi€able 4.1 Supplements &1 C-

4). TheC:N e dotalmassratios U°C  a N wete plotted with respect tnarsh zones

In some instances, macrofauna were divided into taxonomic greup®(ptera (flies),

crustaceans, molluscs, etc.).
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To determine trophic positions of consum@spplement €5), trophic
fractionation was corrected bajowsaptictlevehct i ng
baseline species following the methods of Schmiidtl.(2007) and Kristensen et al.

(2016), using the equation:

~15 — 15 W ~15

U Nconsumer corrected valie ~ Mcorsumer! U "Npaseline species
The trophic positions of each taxonomic and/or functional group were then calculated
using the generic 3.4a trophic enrichment

Rasmussen (2001):
Trophic positioRonsumer= [( ]'ﬁNconsumerT l\jlsl\lbaselina/:‘}-4] +2

However, different trophic fractionation values may apply to different consumers (
2 . 5 4" fotimany invertebrate detritivores, Vanderklift and Ponsard, 2003).
A ShapireWi | kdés test showed tromnaldidtribigiond at a di
Consequently, neparametric tests (Manwhitney for two samples, Krusk&Vallis for
ksampl es) were empl oyed YCo"Ngland@N valeesforhe di f f
the sources and consumers of marsh zones and marsh sitegefficgeat of variation
(CV; standard deviation of the values divided by their mean) was used to calculate
variability (Supplement €; Kristensen et al., 2016). PRIMER ® v. 6 was used on
Euclidean distances ahtransformedsotope values to create sinmitg matrices for
nonmetric multidimensional scaling plots and for spamametric ANOSIM (Analysis of
Similarities) calculations. XLSTAT in Microsoft Excel was used for all other data

analysis, and all significant values reflect-aghue <0.05.
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4.4 Resuts

A total of 25 taxonomic and/or functional groups from Windsod 87 from
Chezzetcookvereidentified anda n a | y s*8Cd afitd(Tabies 4.1 and 4.2The

2013 sediment samples from Chezzetcook high marsh are not included as the values
exceeded thkmit of measurement in the UC DavisL&bC > 3000 e.doue N > 2
to the small size of foraminifera and meiofauna, some samples were pooled with no
replicates, and precision was | ow for some

20 € g gerf(seanotesrimTables 4.1 and 4.2).
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Table 4.1 @i, **Niiand C:N ratios for producers and consumers of Chezzetcook

marsh Values reported as mean * standard devigs@). Number of sample replicates
given in parenthesesdenotes amples with lav e r
for N, C or both. Habitat: HM = high marsh, MM = middle marsh, LM = low marsh, MF

precision

(<20

€g

= mudflat. Plant parts: F = flowers, L = leaves, S = stems, R = roots, AG = above ground
(leaves + stemsCommon names are listed in #gndixC-1; values in Supplemeft-3.

Taxonomic name Zone Replicates U®C SD ©@™N SD CN SD
(or sample name) (&) uc (&) u™N C:N
Vascular plants
Solidago sempervirer(§) HM ) -27.40 0.04 149 0.21 2510 0.43
(R) HM (3) -27.19 0.03 194 0.02 39.11 1.95
(AG) HM (3) -28.27 0.08 176 0.10 3405 141
(S) MM (3) -28.17 0.01 051 0.12 1405 2.69
(F) MM (3) -28.48 0.03 358 0.17 19.10 0.56
(L) MM (3) -29.71 0.07 5.08 0.22 33.01 0.22
CyperaceaéCarex palaecege HM 3) -18.27 0.25 423 0.12 4741 0.74
Limonium carolinianun{S) HM 3) -26.44 031 083 0.27 7.97 0.80
(F) HM (3) -2759 0.18 3.82 0.27 23.69 4.02
L) HM (3) -27.67 0.05 4.02 0.28 3187 0.29
CalamagrosticanadensigS) HM 3) -27.04 0.14 152 0.02 647 1.01
Juncussp. (L) HM (3) 2872 012 452 024 29.85 0.59
(S) HM (3) -2865 0.15 -094 038 6.79 1.62
Distichlis spicata(S) HM (3) -1257 005 139 0.03 276 0.24
(L) HM (3) -1255 0.09 551 0.18 2834 0.93
Spartinaalterniflora (L) HM 3) -12.72 0.05 735 0.08 17.29 0.05
(S) HM (3) -1261 012 442 012 388 0.79
Spartina patengAG) HM (3) -13.33 004 6.02 019 3558 1.38
(AG) MM (3) -13.76 0.04 3.33 0.13 5180 1.86
(L) HM (6) -1354 041 525 137 4205 162
5
(L) MM 3) -1427 0.06 6.75 0.18 2544 0.18
(S) HM 9) -13.13 0.10 391 0.84 16.02 125
2
(S) MM (6) -13.26 0.19 596 0.81 1569 11.2
6
(R) HM (3) -12.73 013 -050 0.04 3274 2.29
(R) MM (3) -13.13 0.06 3.00 0.04 3203 0.48
Salicorniasp. (AG) MM (6) 2743 052 334 151 1972 2.44
R) MM (3) -21.60 030 191 0.12 26.87 217
Spartina alterniflora(AG) LM 3) -13.38 0.07 1.01 0.04 2270 0.20
(L) LM (3) -13.82 0.09 6.23 029 2285 1.50
(S) LM (6) -13.11 0.17 419 265 22.04 137
0
(R) LM 3) -13.31 0.01 0.21 0.09 2557 0.24
Lichen
Xanthoria parietina LM (3) -1744 019 851 046 809 0.8
Algae
Chaetomorpha LM ®3) -1498 0.11 3.81 0.03 16.67 0.07
Lyngbya(?) LM ()  -1310 009 375 002 9.18 0.11
Cladophora(?) 2014 MF (3  -1360 009 543 0.14 10.78 0.17
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Taxonomic name Zone Replicates @*C SD U™ SD CN SD
(or sample name) (&) u¥c (&) u™N C:N
Cladophora(?) 2013 MF ®3) -13.69 0.17 434 0.04 969 0.11
Bulk sieved sediments
<45egm HM 2) -21.64 0.03 402 0.00 11.33 0.00
MM 2) -18.31 0.02 427 0.00 8.46 051
LM 2) -19.81 0.04 379 0.08 750 0.04
MF ) -19.69 0.07 467 012 6.89 0.02
4568 em (2014 HM ) 2125 000 366 0.03 13.47 0.07
MM ) -18.31 0.02 427 0.00 982 0.04
458 em (2013 MM 3) -19.95 0.02 504 021 7.27 0.06
45gaB em (2014 LM (2) -19.63 0.05 3.70 0.07 7.83 0.02
45gaB em (2013 LM 3) -19.16 0.02 433 0.08 8.32 0.05
45gaB em (2014 MF ) -19.80 0.06 500 0.04 7.13 0.03
4586 em (2013 MF ®3) -21.16 0.03 553 0.10 7.44 0.01
635 em HM 2 -19.29 0.09 3.65 0.07 17.01 0.03
MM (2 -16.89 0.03 4.16 005 11.32 0.01
LM (2 -19.01 0.02 351 0.05 7.84 0.03
MF (2 -18.67 0.04 517 0.01 691 0.04
Macrofauna (>2 cm)
Vertebrates (proxy for)
Bird Feather A MM 3) -18.06 0.29 1045 0.22 3.27 0.03
Bird Feather B MM (3) -19.28 0.95 10.98 0.80 3.20 0.01
Bird Faeces A MM (2 -1429 0.84 413 0.08 4.85 0.30
Bird Faeces B MM (2 -14.19 0.02 414 0.02 542 0.02
Bird Faeces C MM 2 -1228 070 295 0.15 550 0.50
Bird Faeces D MM 2) -11.11 0.01 360 0.07 555 0.37
Bird Faeces E MM (2) -13.44 036 413 0.8 3.85 0.05
Arachnids and Insects
Grammonata trivitata HM (4) -18.09 0.97 853 0.27 426 0.48
Araneus diademasu(?) HM ®3) 2556 0.03 650 0.07 4.03 0.01
Pardosa littoralis HM (1) -16.85 7.97 5.26
Doryodes grandipennis HM ®3) 2675 004 731 012 375 0.01
Grasshopperichromorpha HM 3)
viridis?) -20.92 0.04 642 010 4.07 0.01
GrasshoppeRaroxya?) HM (3) 2204 026 632 017 4.02 0.02
GrasshopperGhorthippus MM 3)
curtipenni<) -17.00 0.16 9.12 0.29 4.62 0.02
Coleoptera (Hydrophilids) MM (1) -20.09 2.69 4.64
Diptera MM 1) -15.99 8.26 4.52
LM (1) -21.33 5.09 4.15
Ephydridae LM 2 -16.96 0.08 9.79 0.17 3.87 0.01
Molluscs
Melampus bidentatus HM ©) -17.94 0.17 495 0.12 1014 0.22
Gastropod Alderia modesta) LM )* -16.48 7.23 4.36
Littorina littorea A LM ©) -14.94 008 419 0.03 424 0.05
Littorina littorea B LM 3) -15.09 0.07 427 0.06 4.46 0.15
Littorina littorea C LM 3) -14.76 0.09 432 0.04 4.87 0.02
Littorina littorea D LM 3) -1555 0.03 3.82 0.06 444 0.01
Littorina littorea E LM (1) -14.66 5.74 3.74
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Taxonomic name Zone Replicates @*C SD U™ SD CN SD
(or sample name) (&) u¥c (&) u™N C:N

Littorina littorea (2014) LM- )

MF -14.90 0.03 496 0.05 4,11 0.03
Littorina littorea (large; 2014) LM- 3)

MF -14.38 0.09 491 0.03 417 0.04
Littorina littorea (2013) LM- 3)

MF -13.15 0.02 6.26 0.18 4.25 0.08
Littorina littorea MF ) -7.07 0.04 5.08 0.05 855 0.07
Littorina saxatilis LM- )

MF -18.33 0.73 11.00 1.39 6.39 0.99
Tritia obsoleta LM @) 862 032 388 1.08 967 1.56
Geukensia demissa LM- 3)

MF -18.99 0.16 10.16 0.10 492 0.14
Smal | macr ofi®2em)a (500 &m
Arachnids and Insects
Unidentified spiders HM (3  -1906 042 756 020 455 0.12
Trombiculidae mites HM (1)* 17.32 5.39 4.39
Ephydridae larvae LM (2 .1523 090 3.74 042 473 037
Chrysops carbonariukrvae LM 3) -13.04 1.13 6.19 0.50 431 0.45
CeratopogonidaeQulicoide3 LM 3) -15.86 0.63 7.95 1.16 4.61 0.06
Chironomidae Chironomuy LM (3  -1985 012 373 033 440 0.02
Crustaceans
Orchestiasp. HM 4) -18.45 0.17 445 0.95 574 0.59
Leptochelia rapax2014) LM 2 -1517 021 288 053 506 0.16
Leptochelia rapax2013) LM (3) -18.02 0.17 448 0.29 4.40 0.17
Porcellio scaber HM Q) -15.88 7.54 5.97
Worms
Enchytraeidae HM L* 1757 169 550 299 741 230

HM-  ()*

MM -18.77 3.39 4.48
Tubificidae (red; 2014) LM ) -17.03 0.05 7.44 025 4.73 0.00
Tubificidae (2013) LM (3) -1856 0.06 671 0.10 4.18 0.13
Turbellarians (unidentified) LM (1) -16.41 6.69 4.11

MF 3) -13.01 0.06 6.86 0.24 535 0.03
Molluscs
Ecrobiatrucata(in shell) LM (3  -11.84 230 442 043 559 138
Ecrobiatruncata(on algae) LM (3)*N 392 012 472 0.20 2355 0.11
Ecrobiatruncata(in shell) MF (1)*N -1.66 4.84 439 0.45
Littorina littorea LM- (3)*N

MF -2.63 0.61 8.22 153 17.20 3.78
Meiofauna (63i 50 0 & m)
Arachnids and Insects
Euzetidae HM- Q)

MM -22.83 2.94 4.28

MM (1) -21.40 2.02 400 150 4.28 0.10
Arrenuridae LM (1) -19.32 5.66 4.16
Culicoideslarvae LM (4) -16.97 075 2.00 0.44 420 0.20

MF ©) -19.19 056 317 009 462 0.07
Culicoideslarvae (on algae) MF (1) -13.22 216 3.93
Crustaceans
Various ostracods LM @) 943 194 438 051 11.21 6.58
Harpacticoid copepods LM (1)* -18.46 4.42 4.74
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Taxonomic name Zone Replicates @*C SD U™ SD CN SD
(or sample name) (&) u¥c (&) u™N C:N

Mixed crustaceans (copepods LM Q)
amphipods) -15.84 3.88 4.65
Other
Nematodes MM )*

-LM -22.43 6.70 4.18
Various meiofauna (ostracods LM )*
nematodes, copepods) -16.77 4.33 4.56

MF (2 (*1) .1242 066 448 152 411 0.89
Foraminifera
Jadammina macrescens HM 2)* -1921 229 513 216 498 0.21

HM-  (3)*

MM -19.04 2.43 475 1.91 4.85 0.30
Miliammina fusca HM ()* -20.95 3.06 13.07

MM (2* 1771 062 545 099 6.40 0.60
2014 LM (®)*  -1665 023 465 020 596 0.13
2013 LM (®)*  .1987 008 496 291 3.83 0.05

MF (3)* -19.15 0.42 348 7.41 137 042
Tiphotrocha comprimata HM )* -18.12 7.86 4.86

MM L*  -1586 8.86 4.86
Trochammina inflata MM (1)* 15.73 5.62 4.45
2014 LM @* 1529 5.81 4.53
2013 LM ()*  .1825 072 344 038 423 0.39
Trochamminanflata + HM- 2)*
Tiphotrocha comprimata MM -22.45 4.71 4.47
Mixed agglutinated HM- Q)*

MM -20.52 2.55 4.10

LM-  (1)*

MF -14.30 0.59 4.77
Elphidiumsp. (calcareous) LM (1)*N -5.10 0.36 26.91

MF (3)*N -5.34 015 222 008 16.87 1.17
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Table 4.2.7"3C, i*N, and C:N ratios for producers and consumers of Windsor marsh.
Values reported as mean * standard deviation (SD). Number of sample replicates given in
parentheses. * denotes samples with | ower
or both.Habitat: HM = high marsh, MM = middle marsh, LM = low marsh, MF =

mudflat. Plant parts: F = flowers, L = leaves, S = stems, R = roots, AG = above ground
(leaves + stems). Common names are listed in Appéidixvalues in Supplement-&

Taxonomic name Zone Replicates u®C SD U™ SD CN SD
(or sample name) (a) uBc  (a) u™ C:N
Vascular plants

Spartina patengl) HM 3) -1426 0.23 638 0.26 13.77 0.00
S) HM 3) -13.98 0.20 465 104 348 1.42
Spartina alterniflora(L) ~ HM 3) -13.86 0.03 926 025 3.85 0.53
(S) H™ 3) -13.90 0.08 7.31 0.08 6.66 0.00
L (3) -13.74 0.06 595 042 7.16 4.20
S W 3) -13.06 006 6.3% 0.30 3.67 0.00
S W 3) -13.95 003 345 0.38 554 0.00

Bulk sieved sediments
45868 em HM (3) -20.69 0.05 531 021 933 0.05
LM 3 -21.57 0.08 539 024 891 0.13
MF 3) -21.57 0.02 569 0.30 9.00 0.06

Macrofauna (>2 cm)
Arachnids and Insects

Carabidae Coleoptera ~ HM ®) -17.68 0.02 913 0.04 555 0.03
Coccinellidae Coleptera LM 3 -14.38 0.15 10.38 0.30 559 0.40
Tabanidae Diptera HM 3 -17.65 0.32 9.08 026 582 0.40
Crustaceans
Carcinus maenas HM 3) -12.46 0.06 7.40 021 7.62 0.10
LM 3 -1556 0.02 857 0.13 4.23 0.07
Molluscs
Littorina littorea LM @) -10.19 054 626 029 7.08 0.12
Tritia obsoleta LM 1) -10.66 6.73 6.66
Mya arenaria MF 3 -9.88 147 523 021 7.78 206
Annelids
Hediste diversicolor MF 3) -13.87 0.18 7.93 024 350 0.14
Small macrofi2zema (500 em
Arachnids and Insects
Unidentified spiders HM- 3)
LM -15.18 0.22 1173 021 544 0.2
LM 3 -15.84 0.23 1208 0.17 421 0.09
Ephydridae HM- 3)
LM -19.19 002 7.98 026 7.02 0.17
Unidentified fly larvae LM (1) -15.13 9.03 4.09
Histeridae Coleoptera HM- 3)
LM -18.02 0.06 430 0.10 498 0.04
Crustaceans
Talorchestiasp. HM 3) -13.48 011 814 011 535 0.11
Corophium volutator MF 3 -14.82 0.12 537 0.18 3.85 0.04
Annelids
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Taxonomic name  Zone Replicates uc SO U™ SD CN SD

(or samplename) (a) ¢ (&) ™ C:N
Tubificidae LM Q) -16.03 9.13 4.38
Molluscs
Ecrobiatruncatel 39 LM ®) 968 006 671 013 6.70 0.34
Meiofauna (63-50 0 € m)

Various meiofauna LM (1)* -13.94 4.88 4.56

MF ) -14.07 8.83 411
Foraminifera
Haplophragmoides LM Q)*
manilianensis -16.73 7.39 2.35
Trochammina inflata LM 21" -1497 036 581 035 4.89 0.00
Helenina anderseni LM 2)*
(Calcareous) -5.99 0.22 6.55 4.09 17.64 4.85
Haynesina orbiculare LM- )*
(Calcareous) MF -7.17 8.72 13.77
Mixed foraminifera All 1)*

zones -11.33 14.78 5.54

4.4.1 Overall patterns of *3C, G*N and C:N within and betweenmarsh sites

T h €% U a "M vallies forsalt marshaxonomicor functional groupgFig. 4.2)
comprise sevenategoriesvascular fants,bulk sievedsedimeng (= Sediment Organic
Matter, or SOM includes both organiand inorganic mattgralgae(filamentousalgal
mats) macrofaung>2cm)s mal | ma cr o f Z2anpneeiofaundo8i 560m
€ m)and foraminifera.

The source material€§ and G vasculamplants,filamentousalgae and sediment)
form clusterson a liplot of U*3C againstiN, whereashe macrofauna, meiofauna, and
foraminiferahavemorescattered distribution\t Chezzetcook, macrofauiave a
higherti™N than other consumers, whereas at Windsor, small macrofauna have higher
values. Foraminifera andeiofauna values cluster around microalgae and SOM values
for bothi™>N andi™*C, but foraminifera have a higher variability in mean values and
large standard deviations. The less depleted$8a) U'*C consumer values are from

calcareous foraminifera drsmall gastropods that could not be dissected prior to analysis.
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Vascular plants cluster betweedb and-304 U™ at Chezzetcooknd between

12 and-15a 8C at both marshes (Figs. 4.2 and 4B}N values are much more
variable(c.-171 8 at Chezzetwok, 31 9 at Windsor) Sediments cluster at approximately
-204 '8Cin both marshes, with modest variatioriifiN (41 6& ). At Chezzetcook,
algae cluster betweefi3 and-15a *&C, with "N between c. 3 and6.

Considering all samples from both marshi*>N hasmore variabilitythani*C.

Values ofiti™®N average20.45 and 0.4@ whereasi*>C averages0.31 and 0.1% for

Chezzetcook and Windsor, respectively.
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Figure 43: *@ a m°M( dibiplots of all sanples within each salt marsh zone (see
index) at Chezzetcook (A, four zones and three transitions) and at Windsor (B, three
zones, one transition).

When constituents are considered by zmwedistinct clusterings observed
although Chezzetcook higima@ mid marsh zones are more depletedtie than low
marsh and some mudflat and mudfa marsh transition zones (Fig. 4.3). There is a
notable difference in thé"*C spread between the two marshekile i*°N values appear
equally scattered for each zone in both marshes.

Examination of themead of data using Euclidean distance matrices, nMDS plots

and ANOSIM (Fig. 4.4) shows similar patterns to the raw data (Fig. 4.3). Chezzetcook
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shows a greater horizontal and vertical extent on the plots than Windsor where values
cluster in the upper lefFigure 4.4A). High and middle marsh zones tend to be separated
from lower zones in Chezzetcook (4.4E), but no major patterns are seen in Windsor
(4.4F). In both marshes, plants, sediments and gastropods form clusters (Fig. 4.4C, D).
Results from ANOSIM Isow no statistical difference between Windsor and Chezzetcook
overall (R =0.048, p = 0.14%ppendix G2), but marsh zones are a significant variable
(R =0.091, p = 0.00%Appendix G2), with the high and mid marsh zones being distinct
from the low marsland mudflat. Taxonomic groups are also a significant variable (R =
0.096, p = 0.001Appendix G2), and plants and sediment account for much of the
significant pairwise comparisons. Considering the marshes separately, these patterns
emerge strongly for Gzzetcook (Fig. 4.4E), but Windsor zones to do not show
significant variability across the marsh zoneg(4.4F; R = 0.014, p = 0.38%ppendix

C-2).
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Figure 4.4.Non-metric MDS plots of Euclidean distancesidlC  a ' valtiesof
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Samples from Chezzetcook (C) and Windsor (D) by major taxonomic groups. Samples
from Chezzetcookand Windsor (Fpy salt marsh zones.

Based on the coefficient of variation (CV), Chezzetcook shows more isotopic
variability than Windsorif:*C = -0.02vs -0.01,i"™N = 0.08 vs 0.05). The C:N ratio
shows high variability for both marshes (CV = 0.19). Comparing Zoe®seen the two
marshes, CV foi*>C shows no statistical difference (p = 0.2é€pendix G4,

Supplement €) buti™N is slighty more variable across zones at Chezzetcook (CV =

0.08) than at Windsor (CV = 0.04; p = 0.07). Comparing taxonomic groups, the two
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marsheare not distincin U*3C, i*N, or C:N (p = 0.42, 0.87 and 0.75, respectiyely
Appendix G4, Supplement Q).

Figure 4.5plots isotopic values daxonomic groups by zone. Overall, there is a
slight shift from more depletedt>C in the high marsh to less depletion in the low marsh.
No major trends are visible ift°N, although Windsor shows high&N values. Most

taxonomic groups show higher variability if°N thant™C.
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4.4.2 1 sotopiccomposition of sources
Comparingaverages o$ource samples, ChezzetcadkC values aresignificantly
different across zones (p<6.00J); with high marshKIM) -20.3, middle marsh (MM)
18.8, low marsh (LM}15.4,mudflat MF) -13.94 (Appendix G3, Supplement ),
with the greatestepletion in the higimarsh N e i*>N foeQGN ate significantly
different across zonealt h o u*Wtis slightly higher in thenudflatat 5.2 . Windsor
zones show no significant differences #iC, i™N or C:N. Theli™*C andiiN values
differ significantly between the marshes. Mé&iC is-14.3 f or Wi rld/s. o4rd an d
for Chezzetcook (p =0.001),and meB™i s 7. 5a4 for Wi ndsor and
Chezzetcook (p <0.0001). The C:N values are not significantly different, but the mean is
higher at Chezzetcook (10.6) than at Windsor (8.2).

Plants and mimalgae show no large differences from the high marsh through the
mudflat (Fig. 4.6), other than the wéhown i*°C distinctions between plants with 3 C
pathway (more depleted) and agathway (less depleted). At Chezzetcook, algae show a
significantzonal differenceonly in 4N (p = 0.002; MF 4.9, LM 338 ; Appendix G3,
Supplement €5). Plants in thdnigh and middle marsaresignificantly more depleted in
U*C thanin the low marsh (p = 0.008, HM 9.5, MM-21, LM -13.44 ), but show o
significantzond differences for "N or C:N, despite the visual trend of high C:N in high
marsh At Windsor,plants in thenigh marstare slightymo r e d e p'iCéhanmthe i n U
low marsh (p = 0.047, HML4, LM -1 3 . )7kt show o significantzonaldifferences
for "N or C:N, although the high marsh shows higiféN ( 6 . 34) t han the |
(5 . 4 &9mparing plants between the two marshiksheeeisotopic parameters differ

For U*°C, themeanvalues diffe{Chezzetcook19.1, Windsorl 3 . Sétiot
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significanty (p =0.8)due to high standard deviations of the meansiift, values are
significantly higher at Windsqr 5 . $hangat Chezztcook 8.2a , p <0.001)For C:N,
values aresignificantly higherat Chezztcook (24.1) than at Windsor (3$50.003,
linked to highemitrogen at Windsor

Sediment organic matter shows more similarity from high marsh to mudflat than
plants, although C:Nor SOM is highein the high marsh (Figure 4.6). At Chezzetcook,
al parameters show somsignificantzonal differences. &t ii*C between zonepE
0.017%, the high marslis more depleted-20.74) t han ot h'&rbetweem e s .
zones(p<0.00),t he mudf | ahighefValues than thé kagh marsh )8 For
C:N, the most significant difference lietweerthe high andniddle marsh (p < 0.001,
HM 13.9, MM 9, LM 7.9, MF 7.1Appendix G3, Supplement &). At Windsor, no
parameters show significant zonal differences, though C:N is slightly higher in the high
marsh than the mudflat (p = 0.051; HM 9.3, LM 8.9, MF, @ppendx C-3, Supplement
C-6). Comparing sediment values between the two marshes, the isotopic parameters
shows gnificant differencesFo r **CiWindsor(-2 1 . dsdmpre depletethan
Chezzetcook-1 9 . ;% &0.000). Forii™™N, Windsor(5.53 ) is higherthanChezzetcook

(4.4a ; p=0.000Q. For C:N, values showo sigificantdifference (p=0.08, both 9.1).
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4.4.3 Isotopiccomposition of consumers
Consumes showenrichedii*C in the lower marstzones (Figure 4.7 he "N values
andC:N ratics arerelatively consistent fosmall macrofauna and meiofauna from the
high marsh to the low marsh. Foraminifera show the biggest spread of values.

Considering all data for consumers by marsh and zone, Chezzetcook zones show
a significant difference faii"*C (p <0.001Appendix G3, Supplement &), with more
depletion in the high marsh than in lower zones (2812, MM-17.1, LM-15, MF-
13. 14&) . U"™Neor @:Mshow significant zonal differences, Bt is slightly
higher in the mudfl at (7. 1logdherdidhasimilai n t he u
significant zonal difference far*3C (p =0.01), with more depletion in the high marsh
than in lower zones (HM15.7, LM-14.3, MF-1 2 4 ) .  B'®inar 6:8 show
significant zonal differences. Comparing all consumers between theanshes*C is
more depleted at Chezzetcoekd.3) than at Windsor{ 3 . 6 &, pUu®Nis0. 001) ,
hi gher at Windsor (8.1) than at Chezzetcoo
significant differenc€Appendix G3, Supplement ).

At Chezzetcook, maofauna show significantly mok&*C depletion in the high
marsh than in lower zones(HM 1 . 4a -4d4. BB, pAppendk G 01
Supplement ). Neitherti™N nor C:N showsignificant zonal differences. At Windsor,
macrofauna also show significanttyoreii™>C depletion in the high marsh than in lower
zones(HM15. 74 4. MB, pa & dNidMoBeddpleted in the mudflat
than the high marsh (HM 8. 2a, MF 6.6a, p =
significantly more depleted i°C at Chezzetook (1 6 . 6 84) t han4 .a3ad ,Wimmdso

=0.007), and are also more depleted'iNat Chezzetcook (6.44) th
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(8.0a, p =0.001). The C: N ratios are signi
Chezzetcook (5.0, p = 0.00).
At Chezzetcook, smathacrofauna show significantlgssii>C depletion towards
the mudflat (p = 0.001, HM18.1, MM-18.8, LM-13.7, MF-8 . 2 & ) U™N Values
show some zonal differences that are not statistically significant (HM 5.9, MM 3.9, LM
5. 6, MF 7 . 2 a,C:Npratics 8how sighificant zdnhl eifferences (p = 0.044,
with MF significantly higher at 12.1 compared with HM 5.4, MM 4.5, and LM 7.6). At
Windsor, the only statistically significant parameter across zones is C:N (p = 0.023, MF
3.85 compared with 5.2 f&uM and HM; Appendix G2, Supplement &).
Because of the few meiofauna samples at Winadlothesmall macrofauna and
meiofauna were combined to allow statistical comparison between the two marshes. Only
UNdi ffers significantly ;p¥0.00.dheazetcobki®, Che z
(-15.2) is slightly but not significantly more depleted than Windsb4(. 7a, ;p = 0. 0 ¢
Appendix G3, Supplement &). At Chezzetcook, meiofauna values show no stadibfic
significant zonal differences, althougt’C is more depleted in the high marsB (L . 4 &)
thaninthelowmarshl 6 . 34) an-d5mOdj | a td\{vauesrangea
from 3.4a in the mudflat to 4.0a&a in high a
Foraminifera have measotopic values with large standard deviations, so the

KruskalWallis and ManAWhitney tests have a high probability of incorreatgues. At

Chezzetcooki*Cis more depleted{ 9. 14) in the high marsh th
18.64), |-bév. gaadmsdilat{ 2 . 5 & )U*°N valles decrease from high
marsh (5.7a) to mudflat (2.5a), and C: N is

the marsh. There were not enough samples in each zone at Windsor to compare zones.
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Comparison of foraminiferaetween the marshes shows that ibte andi*™N are
significantly more depleted at Chezzetcook than at Wind8d€¢1 6 . 7 &-14n 6 & ,
=0.008°N4 . 34 and 7. :Afpendip G3=Sufplerdent3B). The C:N
ratios are not significantly diffen¢ (p = 0.164), but Chezzetcook (9.5) has lower values

than Windsor (6.6).
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4.4.4 Trophic positions ofconsumers
To determine the trophic positions of consum#rs,approach of Anderson and Cabana
(2007) and Kristensen et al. (2016) was followed in choosing primary baseline consumers
that are most common throughout each markk.biting midge larvaCulicoidessp.,
which often feeds omicroalgae was selected fadChezzetcookTheabundant amphipod,
Corophium volutatara sediment scraper asdspensiofeederof diatoms and detritys
was selected for WindsoFollowing Kristensen et al. (2016), the mean offalN values
was used as a baseline correctiGol{coides= 2.46,Corophium= 5.36), allowing
calculation ofthe trophic positions of Chezzetcook and WindsmrsumersTables4.3
and4.4; Supplements &, G8), assumingtrophic level of Ifor the sourcenaterials.

At ChezzetcooKTable 4.3)the highestalculatedrophic position in the mudflat
is occupied by flatworms (3.29), in the mudflatv marsh by theaugh periwinkle
(Littorina saxatilis 4.51), in the low marsh by shore flies (4.16), in thddi@ marsh by
birds (using feathers as proxies; 4.5) and a grasshopper (3.96), and in the high marsh by
spiders Grammonata trivitata3.79) Foraminifera mostly occupy low trophic levels but
have higher values in the middle marsh (3.88). Meiofauna as@py@ variety of
trophic positions. Overall, trophic positions show a general decrease from the high marsh
through the mudflat (HM 3.13, MM 2.82, LM 2.71, MF 2.8; Figure 4.8A) but do not
differ significantly (p = 0.07Appendix G5; Supplement ). Major groups of
consumers (macrofauna, small macrofauna, meiofauna and foraminifera) show no
significant difference from each othgFigure 4.8B), though foraminifera have the

largest variability.
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At Windsor(Table 4.4) theattributionof highest trophic pagon is to
foraminifera(4.77) is likely due tothe small sample siagving low precision. Other than
this outlier, carabid beetles (3.11) and spiders (3.87) occupy the highest trophic positions
in the high marsh, spiders in the low marsh (3.98), ane@anmeiofauna (3.02) and the
ragwormHediste diversicolo(2.75) in the mudflat. The lowest trophic positions are
occupied by hister beetles in the high marsh (1.69), foraminifera (2.13) and meiofauna
(1.86) in the low marsh, and sdielled clamsNlya arenaria; 1.96)in the mudflat. As at
Chezzetcook, the trophic positions of foraminifera and meiofauna vary by zone, and the
mean trophic positions tend to decrease from the high marsh (2.81) through the mudflat
(2.52), although the differences are not sigaift (p = 0.642, Figure 4.8C). None of the
consumer groups show significant differenbesveen each othethough arachnids have
higher trophic positions (Figure 4.8Bppendix G5, Supplement ).

Between the marshesyerallmean trophic levels shomo significant differences
(Chezzetcook= 2.84, Windsor =2.80, p =0.8Agpendix G5, Supplement ), nor
between the same zones of each marsh. Trophic positions for consumer groups show no

significant differences between the two marshes.
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Table 4.3 Calculatedrtophicpositions of consumers from the Chezzetcook marsh,
ordered from highest to\est trophic position value in each zone. Basalifid for
biting midge larvae = 2.46.

Corrected  Trophic

Zone Consumer WN (& Position
Spider Grammonata trivitata 6.07 3.79
Spider Pardosa littorali9 5.51 3.62
Foraminifera Tiphotrocha comprimaia 5.40 3.59
Various small spiders 5.10 3.50
Isopod Porcellio scabey 5.08 3.49
= Moth (Doryodes grandipennjs 4.85 3.43
£ Spider Araneus diademat@} 4.04 3.19
= Small grasshoppebichromorpha viridi®) 3.96 3.16
= Large grasshoppeParoxye?) 3.86 3.14
T Oligochaetes (Bchytraeidae) 3.04 2.90
Red Mites (Trombiculidae) 2.93 2.86
Foraminifera Jadammina macrescens 2.67 2.79
Coffeebean snail Mlelampus bidentat)s 2.49 2.73
Amphipods Qrchestiasp.) 1.99 2.59
Foraminifera Miliammina fuscg 0.60 2.18
Foraminifera(J. macrescenk 2.29 2.67
o Foraminifera T. comprimata+ Trochammina 2.25 2.66
E inflata)
2 Oligochaetes (Bchytraeidae) 0.93 2.27
25 Soil mites (Euzetidag 0.48 2.14
Foraminifera mixed 0.09 2.03
Bird Feather B 8.52 4.50
Bird Feather A 7.99 4.35
GrasshopperGhorthippussp?) 6.66 3.96
Foraminifera(T. comprimata 6.40 3.88
Large fly larvae 5.80 3.71
< Foraminifera(T.inflata) 3.16 2.93
] Foraminifera(M. fuscg 2.99 2.88
S Bird Faece$ 1.68 2.49
= Bird Faece®A 1.67 2.49
Bird FaeceE 1.67 2.49
Soil mtes(Euzetidag 1.54 2.45
Bird Faece® 1.14 2.34
Bird Faece< 0.49 2.15
Water beetléHydrophilidae) 0.23 2.07
Mid-" N ematodes 4.24 3.25
Low
Shorefly adults (Ephydridae) 7.33 4.16
Biting midges(Culicoideg 5.49 3.62
RedoligochaetgTubificidag) 2014 4.98 3.46
Sacoglossan sea sl(@lderia modesta) 4.77 3.40
- OligochaetegTubificidag) 2013 4.25 3.25
s Flatworms(Turbellaria)2014 4.23 3.24
£ Deerfly larvae (Chrysops carbonarius) 3.73 3.10
& Foraminifera(T.inflata) 2014 3.35 2.99
- Common periwinklgLittorina littorea E) 3.28 2.97
Unknown water mites 3.20 2.94
Large fly larvae 2013 2.63 2.77
Foraminifera(M. fuscg 2013 2.50 2.74
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Low-Mudflat

Mudflat

Salt marshail (Ecrobiatruncatg 2.26 2.66
Foraminifera(M. fuscg 2014 2.19 2.64
Amphipod (eptochelia rapax2013 2.02 2.59
CopepodgHarpacticoid) 1.96 2.58
Salt marshsail (Ecrobiatruncatg) 1.96 2.58
Ostracods 1.92 2.56
Various meiofauna 1.87 2.55
Common periwinklgLittorina littorea C) 1.86 2.55
Common priwinkle (Littorina littorea B) 1.81 2.53
Common periwinklgLittorina littorea A) 1.73 2.51
Crustaceans (copepods, amphipods) 1.42 2.42
Mudsnail(Tritia obseleta) 1.42 2.42
Common periwinklgLittorina littorea D) 1.36 2.40
Shorefly larvae (Efhydridae) 1.28 2.38
Non-biting midge(Chironomu$ 1.27 2.37
Foraminifera(T. inflata) 2013 0.98 2.29
Amphipod (eptochelia rapax2014 0.42 2.12
Biting midge(Culicoide larvae -0.46 1.86
Foraminifera(Elphidiumsp.) -2.10 1.38
Roudh periwinkle(Littorina saxatilig 8.54 451
Ribbed musselGeukensia demiska 7.70 4.26
Common periwinklgLittorina littorea) in

shell 5.76 3.69
Common periwinklgLittorina littorea) 2013 3.80 3.12
Common periwinklgLittorina littorea) 2014 2.50 2.74
Common periwinklgLittorina littorea)

(large) 2.45 2.72
Foraminifera mixed -1.87 1.45
Flatworns (Turbellaria2013 4.40 3.29
Mixed meiofauna 2013 3.09 291
Common periwinklgLittorina littorea) 2.62 2.77
Salt marsh snail Ecrohbia truncatg 2.38 2.70
Foraminifera(M. fuscg 1.02 2.30
Mixed meiofauna 2013 0.94 2.28
Biting midge(Culicoideg larvae 2013 0.71 2.21
Foraminifera Elphidiumsp.)2014 -0.24 1.93
Biting midge(Culicoideg larvae (on algae) -0.30 1.91

158



Table 4.4 Trophic positions of consumers from the Windsor marsh, ordered from
highest to lowest trophic position value in each zone. Bas@fthefor Corophium
amphipod = 5.36.

Corrected  Trophic

Zone Consumer WN (& Position
ALL  Mixed foraminifera 9.42 4.77
- Beetle (Carabidae) 3.77 3.11
=) Amphipod {Talorchestiasp.) 2.78 2.82
I Green crabQarcinus maengs 2.04 2.60
. Small spders 6.37 3.87
S & Shore fly(Ephydridag 2.62 2.77
I —! Beetle(Histeridag -1.06 1.69
Small spiders 6.72 3.98
Beetle(Coccinellidag 5.02 3.48
Oligochaetes 3.77 3.11
Fly (Tabanidae) 3.72 3.09
Fly larvae (unknown) 3.67 3.08
v Green crabCarcinus maengs 3.21 2.94
® Salt marsh snailHcrobiatruncatg 2.29 2.67
£ Foraminifera(Haplophragmoides
E manilianensiy 2.03 2.60
Salt marsh snailHcrobiatruncatg 1.35 2.40
Foraminifera(Helenina andersehi 1.19 2.35
Common periwinklgLittorina littorea) 0.90 2.27
Foraminifera(Trochamminanflata) 0.45 2.13
Mixed meiofauna -0.48 1.86
L-MF  ForaminiferalHaynesina orbicularg 3.36 2.99
Mixed meiofauna 3.47 3.02
= Ragworm Hediste diversicolgr 2.57 2.75
= Mudsnail(Tritia obseleta 1.37 2.40
§ Amphipod Corophium volutator 0.01 2.00
Soft-shelled clamilya arenarig -0.13 1.96

4.4.5 Salient features of the results.

1) At Chezzetcook Here is a clear clustering 6F'C between vascular plants with €a.
-284 ) and G (ca.-134 ) photosynthetic pathways, bait both marsheshe ti™>N plant

values are variable (Figures 4.8.6).

2) Sediment organic mattevith U*3C (average of204 ) andi™N signaturesdverage b

-5a ), has narrow rangeaggardless of zone or marsh (Figuresi446).
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3) Consumer meaii°N values are variable, with meiofauna and foraminifera having the
highest variability. There are no significant differences between marshes, tifthigh
valuestend to be higher at Windsor aiidC signatures more depleted at Chezzetcook

(Figures 4.5 and 4.7).

4) The coefficient of variatio(CV) indicates more variability at Chezzetcook than at
Windsor, overall and by marsh zones. However, among the majoot@mgroups
(plants, sediments, macrofauna, small macrofauna, meiofauna, foraminifera), there are no

significant differences in variability between the two marshes.

5) The marsh zones show many significant differences in isotope signatures. The
Euclidean matrices show fewer differences and patterns than the raw data, but various
salt marsh zones and taxonomic groups show clusters, especially for Chezzetcook (Figure

4.4).

6) At both marshes and in individual zones, higher trophic positions are ocbypied
predatory insects and spiders, whereas lower trophic positions are occupied by
foraminifera and meiofauna, though with highly variable trophic positions (Tablés 4.3

4.4 and Figure 4.8).

4.5 Discussion
4.5.1 Comparison of Chezzetcookand Windsor marshes

Source isotopic signaturesid C:N content
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Overall, the marsh sources show two clusters ¥ for vascular plants but variablg’N
values (Figure 4.2). The pronoundaditferencesbetweenwWindsor and Chezzetcook plant
U*3C aredue primarily tothe presence of two isotopicoups atChezzetcoolat-25to -
30a dota-15 aTalfle 4.). Thesegroupscorrespond telants withCz or CAM
and G photosynthtic pathways and are consistent with reporteel a HC vélues of ~
2 8 and~-1 3 arespectively{PetersorandFry, 1987;Cloern et al., 2002)Chezzetcook
mudflatmicroalgaearerelativelyenricted ini*°C, with an averagevalueof -13.64 ,
closeto C, plants Similar microalgal values were reported &or estuarine mudflam
Brazil (Claudinoet al, 2013)and other salt marshes (Currin et al., 1995), although algal
sources have a much widérC range from5 to-20& (Wozniak et al., 2006).
At Chezzetcookthreeof nine vascular plantsave theC, photosynthetic pathwayl able
4.2), including the grass&partinaalterniflora andpatensandDistichlis. The G taxa
including Solidagq JuncusandLimonium tend to be confined tihe middle and high
marsh zonesas reported by Chmura and Aharon (19856 )arious marshes in the
United Statesbut the succuler8alicornia(C; photosynthesis) can colonise open low
marsh mudflatsAt Windsor,all i'*C plantvaluesreflect the dominance throughout of
the C grassedut N does not distinguish taxarhemeanii™N of vascular plant taxa
differ widely, ranging from1to8 @ at Ch e z zte% & oaotk \Vdiabtesd3br  (
and 4.2 as observed elséngre Kwak and Zedlerl1997)

Planti™N can be used to determine the source of nitr¢BetersorandFry,
1987). Atmospherichh a s™Na via | ue of thaifix and mseitmpspharic t s
Nzinclude legumes with Nixing bacteria andaluesof ~-2to 2 @therplantshave

nitrogenvalues that refleainore variedsoil values(PetersorandFry, 1987) and sea
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water has high and variatléN. Thewide U*°N range for vascular plants from both
Nova Scotian marshesiggest a primarily soit and seawatebased rather than an
atmospheridN, source Variability in U*°N also reflects the part of the plant being
sampled, as roots and stems have much |&wWiirthan leaves and flowers of the same
plant (we included samples of most plant parts;Tsdse4.17 4.2). Currin et al. (1995)
and Cloern et al. (2002) also reported higitéX for Spartinalitter and standing dead
plant than for living parts, and sediment organic matter in the two marshes may reflect
this additional source of variatioBlue-green algaare alsa\; fixers with a wide range
of U*N values, but most reports are closer to zero because of fractionation during
ammonium uptake or use of depleted dissolved inorganic N (Currin et al., 1995, and
references thereinjdditionally, higherii™N values at Windsor may also be indicative of
sewage and agricultural runoff, as there is a nearby storm culvert at the area of the tidal
channel sampled.

At Chezzetcook, lant diversity(9 specie¥ and isotopic ranges higherthanwhat
we sampledit Windsor  specie¥, and taxa areegregated according marsh zon@as
defined by inundation duration and salinity (cf. Chmura and Aharon, 19883e
differences in species composition and distributiorpapeablydue tothe difference in
NS marshages, asalsodetermined byredfield(1972)for New England marsheso#zal
differentiation in the young Windsor marisat an early stagevhereaghe Chezzetcook
marshhas been welestablished for millenni&lsewhere in the Bay of Fundy, mature
marshes havai 4 zones and high plant species diversiBofvron et al., 2009).

Sediment organic matter has a narrow rangehfes, withii**C (ca.-204 ) and

U*N (ca.-58 ), regardless of zone or marsh. The significant isotopic differences between
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themarshesTables 4.1 and 4.2¢flect the sitespecific sediment composition. Both
marshes have highly organic sediments, but locally lowdoMentrationg0.77 2.4

organic carbon %@re present ithe Bay of FundynarshegMacKinnonandWalker,
1979)whereas peats at Chezzetcook have averaged@gkentrationsf 44% in the

vegetated zones above the mudflats (Chagof et al., 2001)In geneal, organic matter
content(in sediment)ncreases with marsh age (Howe and Simenstad, 2015a; Chen et al.
2016).

Mudflats in the Minas Basin adjoining the Windsor marsh Bawerganiccontent
of 0.8¢ 2.3 % dry weight (Amos et al., 1988). Though a smalenple size,edlimens
from theWindsorhigh marsh heea *°@ value of ~2 0 & , ereaghe lowmarshand
mudflatvalues areslightly more depleted at2 1 aTalfle 4.2. This trend is opposite to
that inthe matureGreat Marsheef Barnstable, Massachusstthereli*C values
decrease at higher elevation due tortiativeincrease irCs; plants that also grow in
supratidakettingg(Middelburg et al., 19975imilarly, the mature Chezzetcook marsh
has more depleted higharshsedimentwalues (~21a ) (Figure4.6).

The highoverall mearC:N values of the Chezzetcook high marsh (~ 14) in
comparison to Windsor (<10) also may reflect maturity, although the difference is not
significant. Sediment C:N (mostly <10; Tables 4.1 and 4.2; Figure 4.6) is lower than C:N
for aboveground vegetation (>20), and sediment C:N decreases from the high marsh
(>10) to the mudflat (<10). Such patterns are typical of marsh SOM (Lamb et al., 2006).
In the high marsHargechanges of sediment C:N can occur, from values of ~ 50 in the

vegetation to 148 in the sedimenidamb et al., 2006).

163



For both Nova Scotian marshes, sedimef€ is intermediate between the values
of Cs and G plants, as noted elsewhere (Ember et al., 128i9) s also slightly more
depleted than algal valuéBables 4.1 and 4.2; Figure %.8hus, SOM values may
represent a triad of potential sour¢escroalgae, G and G plants), regardless of marsh
zone or location relative to tidal channels (Chen et al., 2016). In San Francisco Bay,
isotopic variatiorwithin each plant group was large enough to mask any major patterns
of sediment organic matter, due to differences in living and dead plant biomass,
interannual variability, differences between species, and microhabitats (Cloern et al.,
2002). Additionally, @composing plant matter Bpartinamarshes has a fractionation of
ca.-5a due to bacterial transformation and increase in refractory lignin depleted in
U*C, producing bulk values 6.7 to-224 (Ember et al., 1987; Boschker et al., 1999).
This decompasg Spartinawithin the sediments may keep the SOM values within a
narrow range throughout the Nova Scotia marshes.

Sedimenti™N differs significantlybetween the young acrotidal and mature
mesotidamarstes (Windsof™>™N=5.1i 5. 94 ; Ch &'Nz=8.6ic5a Bl )
Nitrogen factionation occurduring organic mattetecompositionn sediment,
influencingt™N (PetersorandFry, 1987).Decomposingpartinagrasshasincreased
U*°N compared to living leavedliddelburget al, 1997;Cloern et al., 2002Zonnolly et
al., 2005) At Chezzetcook,he slower sedimentation rate, longer history of peat
formation, lower tidal range and less flushing, less winter ice scour, and higher biological
oxygen demand (see Weigert and Pomeroy, 1981) may all contribbte ddference
between the two siteBore importantly agricultural runoff into the Minas Basin

(Daborn et al., 2003nd sewage influxe(g.,Carlier et al., 2007) may contribute to the
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overall highet™N values at Windsor; agricultural runoff may incre&S® by up to
15a compared to pristine areas ¢dadhight ensen
sedimentation ratest Windsor €.g.,Andrews et al., 1998) may ke&P'N values lower
than thisextreme, but they are still higher than at Chezzetcook. The role-sface is
uncertain but presumably retards the stabilization of low marsh sediments and formation
of salt marsh peat.

Overall, sources in complex, heterogeneous systems such asrsaksnaannot
be fully determined using stable isotope analysis alone (Cloern et al., 2002). The
differences between Chezzetcook and Windsor probably reflect multiple factors. The
dominance of ¢plants Spartinaspecies) explains the slightly ledepletedi™C in
Windsor macrotidal sediment. Importantly, we have shown that differences between high
T middle marsh zones and low maismudflat zones emphasize the need to examine salt
marshes as spatialljistinct zones and not as entire entities when consglenergy
flow through food webs.

Consumer isotopic signatures
Consumer meaiiN values are variable, with meiofauna and foraminifera having the
highest variabilityand here are no significant differences between marst@shoth
marshesii**C valuesbecome significantly more depleted from the mudflat to the high
marsh, probably reflecting habispecific dietary sources. More depleted values may
indicate terrestrial sources (Ha et al., 2014), especially for the high marsh. The greater
overall defetion at ChezzetcookX6.3 ) than at Windsor-(3.6%) reflects differences
in source material and the closer terrestrial fringe at Chezzetcook (as described in

Chapter 3, Tables 3i13.2).
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In general, he U**C of macrofaundincluding small macrofaun@nd meiofauna

is intermediatébetweerplant and sedimeriEigure 4.2) Generalist and omnivorous taxa

maydisplayvariablevalueswith respect to source material because they may consume

food from more thanme basal source and trophic level (PeteeswiFry, 1987; Post
2002 Schratzberger and Ingels, 201The large isotopic variability within one species

or taxonomic group reflects variability in feeding modeg (suspension feeding,

deposit feeding)rad food sources, including vascular plants, detritus and algae (Galvan et

al., 2008;Nordstrom et al., 2009, 2013 salt marshes, thaetritus contains plant and
animalremaing(Teal 1962) explainingconsumetaxavariablel**C (PetersomndFry,
1987). Studies dBrazilian and New Zealanestuares show thathreeto five different
sourcesincluding plant matter, particulate organic matter, algae and biafitnas
contribute taconsumefi™C values (Claudinet al., 2013)educ et al.2009).Isotopic
fractionation within consumer tissueay yield a change of0~. 8iriii*C per trophic
level (Post2002; Vander ZandesndRasmusser2001) but this change is masked by
the great variability induced by the factors noted above

Theundissected snaile(g.,L. littorea) and calcareous foraminifera.g.,
Elphidium displayhigheri**C values than other consumeBigure 4.3. These values

probably reflect contributions fromorganic carbon in the CaG®hells.Inorganic

carban does not undergo the same degree of fractionation as organic carbon (Peterson

andFry, 1987; Post2002), andalthoughthe shells are precipitated from biological
acti vi t%yvaluedargelyrepresent the inorganic environment (P2602)

excluding the innermost organic lining
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AlthoughU*°N valuesoverlap formacrofaunasmall macrofaunand meiofauna
in the Nova Scotian marshes ma ¢ r BN oftanexeeeds thatf thesmall
macrofauna antheiofauna (Figres 4.2, 4.5, 4)7 Themacrofaunadnd tooccupy higher
trophic leveldn both marshes and mostzones (Table4.3, 4.4), except orthe Windsor
mudflatwheret he f uncti onal group O6smal l mei of aun
foraminiferanH. orbiculare(Table4.4). Experimental sudiesin a high marsh in South
Carolina showthat the macreepifauna prey upon members of the meiofa{Bell,

1980), in accord with h e  h PNgvalues andicalculated trophic positiaisova
Scotiamacrofaunhtaxa.

In both marshes, predatory insects and spiders occupy higher trophic positions
and foraminifera and meiofauna have variable trophic positions. However, Claudino et
al., (2013) cautioned about interpreting consuiil@X in terms of trophic position, as
U*N also may reflect specific inputs. For example, molluscs and crustaceans normally
have lowerN enrichment than would be expected from their trophic position due to
excretion of ammonia, and spiders may stdkein their opistosoma (Vanderklift and
Ponsard, 2003). TH&°N variability in the two marshes, especially for the within
taxonomic groups, is indicative of generalist omnivorous feeding modes which are
commonin salt marsh systems (Anderson and Cabana, 2007).

The isotopic variability of meiofauna and foraminifera in all zones and both
marshes validasgtheir generalist, omnivorous feeding interactions. Opportunistic
foraminifera, such as those in the two rhass often have a high&"N (4 to & ) and
more depleted*’C (-16 to-254 ) than other foraminifera, such as mudflat algal feeders

in the study area (Figure 4.7; Mat¥icens et al., 2016).
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At Chezzetcookthe macrofaunapecies shiffrom marinebased in the lower
marsh to teestriatbased in the higher marsh zoi{Egyure 4.5) Marine gastropods
dominate the mudflat and lemarshmacrofaunaand insects and arachnids dominate the
middle and high marsHThis change correlates with increased elevaiitve Windsor
marsh, howewve does not display zonal changes in the distributichefacrofauna

taxa (Figire 4.9, likely due to the lower complexity of the flora.

4520uC a Ml values and species assemblagascool temperate marshes
Manyconsumer taxahow no significant differences i*>C or i*°N despite variation in
isotopic content of basal sourc&is homogenization within the consumesgartly due

to theimportanceof detrital sourcesnd detritalconsumeinteractions in saltnarsh
ecosystems (Schrameaal, 2012)and, as documented here, large differences in potential
detrital sources (marsh plants, algae, bacteria and decaying animal.matter)

The trghic position quantifies how much biomass is metabolically processed
within the food chain, as determined from the amount accumulated in the consumer
(Vander Zanden et al., 1997). Because sources are considered trophic level 1, many
primary consumers aréose to values of 2, secondary consumers at values of 3, and so
on. In many estuarine and salt marsh systems, reported trophic positions of consumers are
between 1.8 and 4 (Claudino et al., 2013) and in zoobenthic and plankton freshwater
systems betweendhd 3 (Vander Zanden et al. 1997). The trophic positions of
Chezzetcook and Windsor salt marsh consumers cluster between 2 and 4 (mean 2.8 for
both marshes) using the a.4trophic enrichment factor of Vander Zanden et al. 1997),
showing that they are primaand secondariy tertiaryconsumers. Calculated trophic

positions from binary food webs for these systems (Chapter 3) follow these patterns,
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although they are slightly lower overall than indicated by stable isotopes (2.3 for
Chezzetcook and 2.6 for Winai3. Carscallen et al. (2012) also noted trophic position
from marine polar foodveb analysis was not significantly different from those calculated
by t"N (the trophic positions only differed by 0.2.5). Expected basal consumessy(,
CorophiumandCulicoideg represent primary trophic positions in binary food webs,
validating their use as baseline consumers for calculating trophic pdsased orstable
isotopes. The overall low trophic level for consumers in the present study accords with
other studies with a similar fauna of zoobenthos and small invertebrates (Schwarmborn
and Giarrizzo, 2015).

Differences between trophic positions based onrpifeod webs and stable
isotopes reflect the variability #°N, especially in the baseline consurii&N within
the ecosystem. Individuals of the same expected trophic position within an ecosystem can
havel™N values that reflect a difference of >1 trophic positiem (freshwater fishes in
Ontario and Quebe&anada, Vander Zanden et al., 1997). In the Curuca Estuary of
Brazil, prediction of trophic level using°N explains 75% of the variability it°N, but
source signatures, differences in trophic fractionation, and the biochemical composition
of consumersilso influence the final"N values of consumers (Schwamborn and
Giarrizzo, 2015). The salt marsh consumers from our Nova Scotia marshes also show this
variability. Where isotopic variation in baseline consumers is large across time and/or
space, a bullestimate of the trophic enrichment fractionation is better than choosing one
species to calculate trophic position, especially in these omnivorous systems (Kristensen
et al., 2016). There are numerous approaches for calculating trophic position in these

detritivorous, generalist and omnivorous systems, and the assembly of binary food webs
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(Chapter 3) has as many problems as ugirg, gut content analyses, or other
approaches (as discussed in Carscallen et al., 2012 for polar marine food webs). Based on
comparisons to trophic positions of Chapter 3, stable isotope analysis provides a useful
albeit imperfecestimate of consumerdphic positions within the examined food web.

Me a s ur e rf€ n & Wi thelNova Scotissalt marsheprovides an initial
characterzation of meiofaunacommunites their predators, and their basal energy
sources. The meiofauraeimportantfood-web components of the intermediate taxa,
facilitating transfer between the source material eosumers at higher trophic levels
(Tables4.3,4.4). Meiofauna consume a wide spectrum of food sources (Schratzberger
and Ingels, 2017), leading to a higher viallity in isotopic signatures and calculated
trophic positions than those of herbivores, carnivores and filter feeders. Their small size
often leads to the assumption that they are primary consumers with low trophic levels,
but because many feed generalaty and opportunistically, they may have a higher
trophic position than expected (Schrfidaya et al., 2016 Excluding small consumers
such as meiofauna and foraminifera reduces the reliability of conclusions about
ecosystem energy transfer (Schriichya et al., 2016), especially in the detritally
dominated salt marsh.

Isotopicmixing modelshelp indeterminng the proportion of each carbon source
(plants, animas, microalgae, and particulate organic matter) to the diet of the meiofauna
and invertebraepifauna €.g.,Riera et al., 1999; Galvan et al., 2008; Park et al., 2015).
Mixing models also account for error in the stable isotope data demdpic
fractionation (Erhardand Bedrick2013) However, the challenges of usingxing

modelsmay outveigh the benefits for assessing meiofaunal diet in detrital systems
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(Kristensen et al., 2016). Model outputs are highly sensitive to inpytastetdue tothe
overlapping signatures that characterize salt marshes, may bias interpretation of the food
souces (Kristensen et al., 2016).

In studies such as the present analysis oftuoperate salt marshes with a large
involvement of small detrivorous consumers, the use of mixing models is nearly
impossible due to the large uncertainty in percent sourtilcations, as found for
harpacticoid copepods by Cnudde et al. (20A6Chezzetcook,he large standard
devia i ons associ at’@ da nidvalies of theesmathmeiofauné
functional groups also point to the need for more highgplved food webs in which all
taxa are examined individually (Chapter I8)general, mary food webs are time
consumingtheir taxonomic resolution is subjective, and the trophic links all have the
same weighted level of importance (Post, 200Bgrefore, usingsotopc analysis
provides ausefulvalidationfor binary food webs, ansubsequentlyice versa, to

examine thestructure and function of energy flow (through feeding links) in a system.

45.3 Implications of the salt marsh stable isotope studies

Interest in saltnarsh conservation is high, but the number ofstitlied marshes is low.
Stableisotope analgis provids a quantitative map dbod-webtrophic interactions.

Kwak and Zedler (1997) characteil an estuarine ecosystem in California usiay

>N, and®'s isotopes. In addition to isolating the source materials of the food web and
determining theaumber of trophic levelsheyfound that the salt marsh was trophically
linked withtidal channelsrevealing the need to manage them asimeerelated

ecosystem. The study also challenged the notion that vascular plants contributed the most

171



to the foa web via detrl inputs, and indicated that thearsh and lagoorobd wels did
not conform to salt marshes along otNerth AmericancoastlinesThus,stableisotope
analysedrom our study caprovide key input foconservation recommendations.

For the two marsheshe*C and™N resultsassist in defining fooavebtrophic
interactions antrophicpositions of theoobenthiccommunity(see also Currin et al.,
2011), and consumer signatuees useful ilmonitoring ecological succession and
ecosystemmecovery duringaltmarsh restoration (Nordstrom et al., 2015). For example,
createdsalt marsh sites at Venice Lagoon in Italy have dominant microalgivores such as
insect larvae feeding at the surface, leading to a succession of subsurface oligochaetes
feeding on detritus (Nordstrom et al., 2015). In addition to their use in monitoring salt
marsh restoration areas such as those of the Bay of Fundy, such observations can also be
used to monitor salinarsh succession from an immature mudflat to a maturelen@hd
high-marsh. Chezzetcook has dominant algivores in the low marsh and mudflat
(Culicoideg and more oligochaetes and detrital feeders in the middle and high marsh
zones.

This restoration pattern of dominant algal production and consumption followed
by the dominance of subsurface detritivores is also seen at recovering marshes along the
Skokomish River Estuary, Washington, USA (Howe and Simenstad, 2015a). Although
food sources vary in time and space, there is a general trend from a mieroalgal
producton food web towards a detritlsed food web, supporting previous conclusions
on the dominance of detrital sources rather than microalgal produetgprGalvan et
al ., 2008). Significant isotopic differenc

ficreatedo marshes such as Wi ndsor and ol der
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because food webs may converge to a natural state in little more than 10 years
(Nordstrom et al., 2015). The Windsor marsh is over 40 years old, and may algady h
reacheddll functionality, although the extremely low taxonomic diversity of
macrophytes in the thremne system points to a current state of marsh immaturity and

disequilibrium.

45.41mplications for geological interpretation of salt marsh sediments

Carbon sotopes and C:N ratios are important for dating and interpreting
paleoenvironments and correlating ancient strata (Byrne et al., @aéfield et al.,

2010. In particular, excursionsaf®*Cc an be used as a figold sta
some geological time intervals like the Ypresian Stage in the Paleogene (Aubrey et al.,
2007) and C:N is an index of land:sea nitrogen portioning from Archaen to
Anthropogenic time (Canfield et al., 21 Sediment organic matter signatures are
especially useful in the absence of microfossils such as foraminifera (Lamb et al., 2006)
and for evaluating the presence of old marine carbon in skajlsMudie andLelievre

2013). Situated at the larseba tansition, salt marshes are used for reconstructing former
sea levels. Salt marsh plants (botha@d G) dominate the bulk of sediment carbon
signatures, but bulk sediments may include a variety of sources and it may be hard to
determine the exact planbmposition (Tanner et al., 2010)idgenetic effectsuch as
decomposition also influengsotopic values. Chmura and Aharon (1988)edthat G-
dominated sedimentsavel**C values of aboutl 5 &n thelow marsh andhat

sediments with medCsz-C4 sources have values o6fL7to -2 4 an themid to high

marsh From the present study, sediment (SOM) values from Chezzetcook and Windsor,

regardless of zone, are within these val@esliments from freshwater ardesel:>C
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valuesof2 7. 84, s edi mishmarsheshavel b . BYaaidsediments
from salt marsheBave-1 6 . 2'3% (Qhmura et al., 1987Although the depletion in

UtC from G, plants Gpartina alterniflord to sediments can come from bacteria, benthic
algae, and transported organic mattecomposition probably plays the biggest role in

v

terms of the Gingpdiments.e shift in U

On some coastlinesgalevel trends for ancient salt marsh sediments can be
reliably determined using the shift from ledspleted sediment signatures fr@n
dominated low marsh areas to malepleted signatures fromp@ominated higher marsh
areas (Byrne et al., 2001). Lamb et al. (2006) also emphasized the direction of sediment
isotopic change (relative rather than absolute values) in interpreting jraleiechnd sea
level and distinguishing freshwater from marine sedimditts.complexity of detritus
based food chains requires caution when using stable isotopes to interpret coastal
paleoenvironments by small isotope excursions, where, igethlegic reord, excursions

of as small ag 2a are correlated to events such as mass extinctions.

Geological applications of stable isotope analyses are also important when
examining microfossils such as foraminifera. For examigammina fuscas
indicative of bw marsh sediments with SOM betwe&0 and-224 i*°C, and
Trochamminanflata is indicative of middleand high marsh sediments with SOM
between22 and-284 U*°C (Milker et al., 2015). The present analysis displays this
distinction between the higimiddle marsh cluster and the lewudflat cluster in sarces

and consumers. Combining stable isotopes with microfossds ilker et al., 2015;

Kemp et al., 2017; Sen and Bhadury, 2017), pollen signatures and diatom salinity indices
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(Byrne et al., 2001; Mudie et al., 2013) provides a more accurate, ragitiapproach to

paleasealeveleconstruction.

4.6 Conclusions

Patterns off°C  a f°N of two temperate salt marsha not significantly different,
despite very large differences in age, tidal regime, sedimentation rate, ice scour and
possibly anthropogenic nitrogen loads. However, marsh zbaeseflect a landea
gradientin physical and biological factoshow many significansotopicdifferences
with some strong clusteringf isotopic values for individualones and taxonomic
groups, especiallsgt Chezzetcook. At both mesotidal and macrotidal marshes, higher
trophic paitions are occupied by predatory insects and spwlleeseagoraminifera and
meiofauna have variable trophic positidsetween the marshes aahong the marsh
zones.

At both marsbks sediment organic matter hasedative consistencthatindicates
the pervading dominance ahultiple sources, processes that mix detriaumg] post
depositional changesegardless of tidal regime and difference in sediment stability due
to ice and p[°dvalues arevar@ble for ddrsanmers,iwith meiofauna and
foraminifera having the highest variabilifihe isotopic distinction between salt marsh
zones at Chezzetcook is sufficient to warrant individual examination of trophic structure

by zone, as indicated also by food web studies of the marshes (Chapter 3).
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CHAPTER 5: MESOCOSM AND MICROCOSM EXPERIMENTS ON THE

FEEDING OF TEMPERATE SALT MARSH FORAMINIFERA.

Protist Protest
Little protists of the sea
How do we treat thee?
As foraminifers, Oh wee beasties of the sea?
Or, shall it be, foraminifera,
for the pluralor the singular?
Perhaps we can float the word 066fo
but then again,
it still would mean a single cell,
but how in hell
can foraminifera be for one and two,
when so many live in the ocean blue?
Pl ease, please tell me Dr. Foram N
Is it T minifer, -minifera, ori miniferan?

---- by Sally E. Walker, in Lipps et al. (2011), p.309.

5.0 Abstract

Agglutinated foraminifera dominate most zones of temperate salt marshes, making them
key indicators for monitoring sea level and environmerftahges. Little is known about

the biology of these benthic foraminifera because of difficulty in distinguishing live from
dead specimens, given their cryptic motility and sepaque testdVe present data from

10 years of biological expenentsusing therochamminoid specie3rochammina

inflata andJadammina macrescerand the milioid agglutinamdiliammina fusca

compared to two rotalid calcareous spetletenina anderserandElphidium

williamsoni.All experiments used specimens from a laboratoryooesm representing
Chezzetcook Inlet salt marsh, a type locality for Holocene studies on the east coast of

Canada. To study the biology of the most common and abundant agglutinated salt marsh
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foraminifera, culture requirements were determined for maintenasmall petri dishes

over perods of 100 12 weeks. Nine simple, neterminal ways of identifying live

organisms were developed. The live criteria include (1) lateral and vertical movement;
(2) detritusgathering (entire and/or apertural); (3) attachtn@) clustering of

individuals; and (5) opaque areas within the test. Comparison with Rose Bengal for
living-to-dead observations showed <10% diversion for calcareous species and
Trochamminanflata, whereadMiliammina fuscavas overcounted by >30%.
Trochamminanflata was used to examine food consumption in transmission electron
microscopy studies of the terminal chambers and to identify food in digestive vacuoles of
specimens from the mesocosm maislvivo) and from starved and bactefed in vitro
individuals. Bacteria and unidentified detrital pieces were the dominant material in the
vacuoles, establishing for the first time that this agglutinated species is a saprophagous
and bacterivorous detritivor@bservations of movement and feeding origatain the
agglutinants suggest links between form and function that underscore their value-as ultra
high resolution sea level proxidseeding trialsn vitro between foraminifera and simitar
sized meiofauna were done to examine isfgcific predateprey feeding interactions,

as determined by disappearance of specimens over 48 hours. The trials revealed no direct
predation, by or of foraminifera. Mesocosm biomass and abundance counts of
foraminifera and associated meiofauna show that foraminifera ochigh abundances
(>50% of foraminifera + meiofauna), and represent a large percentage of the meiofaunal
biomass, emphasizing their importance in the food web and eflevggdynamics of

temperate salt marsh systems.
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5.1 Introduction
Foraminifera are fotists that have been extensively studied for over 150 years (Myers,
1943; Arnold, 1974; Loeblich and Tappan, 1988; Sen Gupta, 1999; Murray, 2006
Kitazato and Bernhar@®014).Most studies focus on their taxonomy, assemblages and
distributions in marin@nd brackish environments around the world and throughout
geologic history since the Cambrian because they are important biostratigraphic tools and
key proxies for interpreting the paleoecology of ancient seas and fluctuations in relative
sea level (RSL)Recently, the complex ecology of modern foraminifera has been the
subject of several major texts (Lee and Anderson, 1991; Murray, 2006). These
monographs reveal that many basic questions about feeding, growth and reproduction
remain unresolved since therlea work of Arnold (1974), particularly for agglutinated
marsh species and other benthic foraminifera (Kitazato and Bernhard, 2014). In effect,
most environmental interpretations based simply on relating generalized modern
distributions to abiotic conddns remain circumstantial until the biological factors that
constrain foraminiferal occurrences are understood, including their complex feeding
habits (Goldstein, 1999; Mojtahid et al., 2011). For example, the notoriously high
patchiness of foraminiferd.€e, 1974) may be governed by food availability, feeding
methods, competition with meiofauna, commaeaitgd abiotic factors (salinity,
elevation; see Chapter 2), or a combination of all and some of these.

A key objective of this thesis is to expand kihedge oftrophic niches that
control the spatial and temporal population dynamics of temperate salt marsh
foraminifera as shown by pioneeri@uaternary palesea level studies (Scott et al.,

2001 and references therein; Kemp et al., 2011, 201ig)in the suite of salt marsh
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marker species, agglutinated taxa sucbeammmina macrescens, Miliammina fusca,
andTrochamminanflata are the main tools for paleoenvironmental work in coastal
environments because of their better preservation potential in aaltimarsh sediments
compared to calcareous taxa. Most past studies, however, have focused on calcareous

taxa common on mudflats or in deeper coastal water, inclidimgonia beccari/tepida

Haynesina germanicandElphidiumspp. (Dupuy et al., 2010; Jduzfis et al., 2016;

Seuront and Bouchet, 2015). Thus, previous conclusions on behavioural, feeding, and
biotic interactions of arebaaedoaresitactedggartdient hi c
the total assemblage and fail to consider tighdinated spciesthat are widespread

throughout the entire salt marsiften inextremely high abundances.

Direct observatiof feeding and behavioural habits in these dominant salt marsh
taxa is crucial for inferring their role in the ecosystem, but few studies previously
examined these species in incubator (microcastyires (Goldsteiand Alve, 2011,
Weinmann and Goldstein, 2016eKieffre et al., 2017van Dijk et al., 2017)Past
observations and/or feeding experimemtg(Lee and Anderson, 1991; Bérard and
Bowser, 1992; Sen Gupta, 1999; Suhr et al., 2003; Mojtahid et al., 2011; Jauffrais et al.,
2016) have shown that benthic foraminifera can be photosynthetic (hosting diatoms),
chemosynthetic (hosting bacteria), herbivorous (grazing on diatom, metisivorous,
carnivorous or parasitidloreover, in deep waters in the Arctlega of Okhotsk and in
mudflats along the North Sea coast, benthic foraminifera constitut®&0¥%eof
meiofaunal (63 5 0 0 kiomassand abundance in smaitale (<5 cr) patches, and
have a wide range of productidretween 90 to over 5000 mgn€? yr* (Chandler,

1989), showing that they can be vital parts of the benthic ecosystem.
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The primary objectie ofthis studyis toexaminethe feeding and behaviour of the
dominant salt marsh taxa used in the RSL studies of Scott and Medioli (1980). The
selected species are two agglutinants in the Class Globothalamea, Subclass Textulariia
(Trochamminanflata and Jadammina macrescen®ne agglutinant in Class
Tubothalamea, Order Miliodd/jliammina fuscg, and two calcareous species in Class
Globothalamea, Order Rotaliid&lphidium williamsonandHelenina andersehi To
performthese studies, there is needdewreloping new methods for ndwarmful
examination of living populationssing a list of criteria to distinguish living agglutinated
benthic foraminifera from dead specimgssgch as the six criteria described in Arnold
(1974), which were based on thwalled calcareous taxost previousstudiesthathave
investigatedvays todistinguish betweelving and deadssemblagesf foraminiferain
surface sedimentd/urray and Bowser, 20Q0nvolvekilling the specimens by fixing
andstainingwith Rose Bengabr Sudan Black, or examining cellular matersing
transmission electron microscopyEM) andscanning electron microscopSKEM)
methodsAnont er mi n al met hod using fluorescent
very expensive and also requires specialikemtescence research microscopes for {ime
consuming stakmeaction studies that are difficult to quantify (Figueira et al., 2012). In
this study new methods amevelopedor nonharmful examination of living populations
of agglutinated foraminifera witthick, opaque chamberssing a list of criterido
distinguish living benthic foraminifera from dead specimens.

Thecooltemperate salt marghesocosnin the Dalhousie Aquatron (Chapter 2)
allowedimplementatiorof feeding trials with foraminifera andeiofaunarom a

temperate environment, on a y@aund basis. Additionally, new observations could be
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made on the key agglutinated and calcareous salt marshgeglevel proxies that have
been overlooked in past biological studies of marshes in waagiens €.g.,California:
Bradshaw, 1968; Georgia and Florida, USA: Weinmann and Goldstein, Z0E6).
feeding habits of themesocosm temperate climate salt mdaosaminiferawill be
assessed hyirectobservation and by indirect criteria such as accutiuaf detritus at
the terminal chamber aperture (Goldstein, 1999), or around the whole specimen (Arnold,
1974), which have been previously called
Transmission electron microscofyEM) of the feeding vacuolaa the agglutinant
Trochamminanflata areusedto develop novel informatioan feeding mechanisms in
selected individualted with unaltered marsh mud or marsh bacteria isolBtemassis
also determined to show how much benthic foraminifera contribute trgheic matter
(OM) and carbon budgets of the salt marsh sediment.

The objectives ofhis studyare threeold: 1) toidentify low-maintenancenon
terminal methods for distinguishinigree agglutinated and two calcaresaft marsh
foraminifera in a mesmsm culture setting; 2) identify feeding modes Trochammina
inflata using TEM 3) to validatefeeding habits of salt marsh foraminifenad to
determine their biomass culture experimentsThis set of observations will contribute to
new understandg of agglutinated and key calcareous salt marsh foraminiferal responses
within their ecological niches, how they might respond to environmental changes
affecting their food sources, and how their biomass contributes to carbon budgets and

sediment energyiixes.
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5.2 Methods
5.2.1 Sediment samplingforaminifera acquisition and observation of live specimens
Surface sediment samples with living foraminifera and potential food came from the
mesocosm marsh developed in the Aquatron facility at Dalhousiestditiy using slabs
of sediment originally from Chezzetcook Inlet, Nova Scotia (Chaptditi&) size of
samplesemoved for culturesaried from 2 ciito 10 cni, depending on the amount of
foraminifera neededyith a surface scraping less than 0.5 cm thidle samples were
taken fromthe mesocosnmarshelevational zonékely to provide maximum numbers of
the selectedbraminifera needed for detailed study, based on their known relative
abundances (Chapter 2, Table 2.4).

Samples were genthwashedhroughnestedb00 and63 um sievegFigure 5.1),
usingfiltered seawater adjusted with distilled water to keep salinity at 15Thet600
pm meshremoved large debri¥he >63 to 50@um sediment fractionvaspoured into
petridishesand2 pm-filtered sea watet distilled watemwas added to rea@dpproximate
salinity from the corresponding salt marsh zdPetri dishes were covered to slow

evaporation. Dishes weleft at room temperature (22°C).
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Figure 5.1 Diagram of sampling protocol. Samples (B) weregedafrom marsh surface
from the mesocosm (A), washed through stacked sieves (C), with the sieved residue
stored in 15 pswater in10-cm petri dishes (D). Living foraminifera were picked from
disheq(E) and placed in separatech dishes per species (K),axplore a variety of
feeding conditions as explained in the text, and used for a variety of experiments,
including TEM (G).

Dishes were examined under the Zeiss stereomicrogt0pet0 x) using an
adjustable fibre optic light which doest heathe samplebut provides brighter than
normal light Living individuals150 and 30Qum in size, generally recognized by
movement or chambers containing cytoplasmretransferred by fine brush or pipette
from thel10 cmPetri dishto asmaller (5cm) Petri di$. The smakrdishes contained a
few millimeters of water with salinity adjusted for the corresponding marsh Zbee

dishes were left for 24 hours and foraminifera were reevaluated the following day to

remove dead individuals that weseeviously thoughto be living. For dishes containing
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calcareous specie8,. 2 aaltumHagen® Fluval® Sea Calciyrandalkaline
(Hagen® Fluval® Sea Alkalinity) solutions were addedjive sufficient calcium
carbonate for test maintenance, growth and/or sexual or asexual reproduction of
specimens. All dishes were left ahlient room temperature (c. 22°C) and light. The

length of time for the experiments/observations ranged from days to weeks.

5.2.2 Preparation of food
Because many benthic agglutinated foraminifera are assumed to be detrital and bacterial
feeders, the stks of food used for maintenance and experimentation were 1) unaltered
mesocosm salt marsh mud; 2) filtered detritus; and 3) cultured salt marsh bacteria. For
the first Afieldd mud food source, a small
from the mescosm highksalinity middle marsh (T-21; Chapter 2) and placed in a dish
with ambient water. Sediment was stirred to separate large particles and disperse the
material. One or two pipette drops of this stirred mud were then added to culture dishes
of foramnifera.
Secondly, to prepare filtered detritus, marsh sediment samples)%ene
washed over stacked 45 and| 68 sievesTheremnand5¢63¢ ndetrital foodmaterial
contained no meiofaunanacrofauna, and few foraminifera but included particulate and
dissolvedorganicmatter,bacteria anchon-filamentous micrealgae.The detrital food
source was maintained in a looseBpped vial with filteed seawater adjusted to the
source marsh zone, and it was replenished on a weekly basis during the experiments.
Thirdly, for cultured bacterianewand/orsterile equipmenivasused, work

stations were thoroughly sterilizeand transfers occurred irffume hood All bacteria
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were grown on Trgtic Soy Agar (TSA) plates. Small (<1 ngxamples of marsh water
and sediment were taken frdlhre mesocosm witpipettes angblaced inPetri dishes. A
sterile inoculating loop transferred 0.1 ml of samples to dgseg smearintheloop
overtheentire plate. Two plates were smeared for each sample of marsh water or
sediment, totaling eight plates. They were covered and placed upside down in a sterile
plastic box for four days at room temperatter five days,individual bacterial
colonies were removed and smeared on new plates. A sterilized inoculating loop removed
the center from each culture and smedred to a new TSA plate. Five coloniek
visibly different bacteriavere smeared, and these five platese covered and stored
upside down for three days.

The five covered plas were examined dailynder a dissectingpicroscoped
make sure the smears contained onlyfpecies (s a meof maosh lsacteria. The
colonies were rameared weekly for thigst month,and subsequentiynce a month to
maintain the cultures. Teebacteri cultureswere useds food sources for both general

feeding experiments and for the TBEMbrk.

5.2.3 Foraminiferal feeding observations

General methods
Feeding culturexperiments were performed using the five dominant species of
foraminifera found in certain zones of the mesocosm matsse species included three
agglutinated speciddiliammina fuscaJadammina macresceriirochamminanflata,

and two calcareous spesidelenna andersenandElphidium williamson{(Figure 5.2).
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Most of the experiments usddinflata because of the need for data on agglutinated

species, and because of its relatively large size, and conspicuous maotility.

Figure 5.2Five species useaf culturing and feeding experiments. Top row:
agglutinants (AMiliammina fuscaderived from calcareous species (Habura et al.,
2006);(B) Jadammina macrescensgith arenaceous tegC) Trochamminanflata, with
arenaceous test covered by outer orgaeieer Bottow row calcareougD) Elphidium
williamsoni and(E) Helenina anderseniScale bar = 10Am. Images A, B, E from D.B.
Scott.

To prepare cultures for feeding experiments, live foraminifera were taken from
the stock culture dishes (Figurelj.after removing any attached detritus with a fine
brush. Five individuals of the same species were placed in a 5 cm petri dish with ~5 ml of
filtered seawater and distilled water (30 psu for calcareous species,-20ch6 for
agglutinated species)h€& water was about8mmdeep The dishes were kept at room
temperature (22°C) and natural ambient light from windows and overhead fluorescent
lights (8 ami 5 pm). If the foraminifera were being fed bacteria, the salt water was
furtherfiltered througha 0.45 um syringe filteto remove any bacteria in the water
before beingadded tahedish Food typesised in various feeding observation

experiments includetl) control (noaddedfood, for meiofaunal feeding studig®) two
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drops of marsh mugl water(for general foraminifera feeding observations)t8) drops
of filtered detritus (for a 1-2veek culture experimentynd4) a loop (0.01 mipf cultured
marsh bacteriéfor one TEM experimentDishes were examined every daywo for
activity (e.g.,foraminiferal movement, whether direct or cryptic, accumulation of detritus
around entire individuals or apertures), and water levels and salinity were adjusted and
fresh food was added weekly for experiments longer than one week.

Bacteriafedtrials for TEMwork

Five living T.inflatawere placed ifive separat®&-cm petri dishesone dish for
each of five colonies of bacteria. Foraminiferal specimesi® left overnight tallow
feeding vacuoles to emptyhe foraminifera weréhenplaced in new dishes with02 ml
of one of the five bcteria cultures, and left for two days. Overall feeding observations
were made by examining dishes under the stereomicroscope before preparing them for

TEM study of the chamber contents

5.24 Transmission electron microscog (TEM) for Trochamminainflata

Protocols of Goldstein and colleagues (Goldstein and Barker, 1988; Goldstein and
Moodley, 1993 Goldstein, 1997) and Bowser and colleagues (Bowser et al., 1995) were
used in conjunction with thos# the Simpson laboratot DalhousieUniversity.
Trochamminanflata was chosen for TEM work because of its large, round chambers
compared to the narrow chamberslaflammina macresenshich would be difficult to
thin-section Also, T. inflata also has a fingrained test whersahe test oM. fusca
incorporates larger sediment grains that might damage the glass and diamond knives (A.

Simpson, per«Comm.; Bernhard and Richardson, 2014). Interpretations of TEM photos

187



were validated by Alastair Simpson (Dalhousie University)aBu3oldstein (University
of Georgia) and Emmanuelle Geslin (Université Angexs)yell asby comparison with
images of Anderson and Lee (1991) and Goldstein and Corliss (1994).

Foraminiferafixation andembedding

To ex ami-fned o ffi cerl s@Mioahamimmantiata specimens were
processed immediately after taking samples from the mesocosm middle mahgh (T2
see Chapter 2) and six specimens were placed in each of two Epindorf tubes. The
foraminifera werghenkilled and fixed with 0.1 ml 2.5%lutaraldehyde and 0.9 ml of
sugarbuffer (0.5 g sucrose and 5 ml. 0.1 cacodylate in 5 ml distilled wate®0for
minutes thenrinsed three times with buffehfter the last rinse, thioraminiferawere
soaked for 90 minutas buffered0.5 ml 1%osmiumtetraoxide (Osg) solution (0.125
ml 4% OsQ plus 0.375 ml buffer)followed by six rinsesvith distilled water.

Thetests of thdixed foraminifera werg@unctured with dine needleto makeat
leasttwo holesfor penetration of resin into the cytoplashine punctured specimengere
then dehydratedith 30% ethano{30 mins) followed by 50% ethanol for c. 24 hrs, then
furtherdehydrated with 70%, 90985% ethanohnd100%anhydrousethyl alcohol. The
foraminifera werghenplacedfor 1 hour each in a gradedries ofS p u r esirdidsutions
with 100% ethangl(30%, 60%, 100% resinffour 100% resin coatings were the applied
over 48hours The coateddraminifera were embedded in wells with partially
polymerized resito preventtheir sinking thenpolymerizel by heatingovernight in an

oven at 60°C.

188



Thin ®ctionpreparation andexamination

Embedded foraminifera were sliced using a Leica EM UC6 migreto
microscopeafter removing excess resin witliazor blad€Figure 5.3). Theagglutinated
testswere gctioned witha glass kniféo ~1 um thicknessThe outermost chamber with
cytoplasm (@rminalor penultimate chambewassectioned to examine the intsaell
cytoplasm closest to the apertural pseudoposié in food collection. A diamond knife
was therused to cut through the 1 gthick sections otytoplasmat 100nm-thickness

(Figure 5.3).

razor blade

\ 1 um glass knife

Figure 5.3 Schematic of thisectioning used on polymerized resimbedded

individuals ofTrochamminanflata for TEM. Fixed individuals (A) were polymerized i
Spurrés resin (B) and a razor blade remove
used to make 1 em slices of the outermost
wall (D). The trimmed slices were then cut to 100 nm thickness with a diakndfiedE)

and the slice were mounted on a Forme@aited slot grid (F) to stain and prepare for

TEM.

The sections were stain®dth uranyl acetate (gt) and lead citratby immersing
holdinggrids (Figure 5.3) in 2%Jac + 50% ethanol for 10 minuteAfter three rinses in

distilled water the samples were driedndthegr i d was | mmer sed i n Re)
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citrate for five minutesfollowed bythreerinsesin degassed distilled watddried
sections were examined individually using a FEI Teciatransmision electron

microscope andnages were capturacing Analysis software.

5.2.5 Culturing experiments to validate live specimens
To determine the best way to recognise live foraminifera without use of stains,
foraminiferal petri dish cultures maintaingd 12 weeks werexamined andounted
weekly. A total of 90 Ecm diameter petri dish microcosms were used with three species
(Trochamminanflata, Miliammina fusca, Helenina andersgmroviding 30 microcosms
for each species. Each microcosm contair@tiving individuals in 5 ml of 20 psu
filtered seawater to which a drop of filtered detritus was added weekly. Salinity and water
levels were also adjusted weekly. The dishes were kept in ambient light and a constant
temperature.

Every week, each dishias examined with a Zeiss stereomicrosqde 40 x)
and all living foraminifera were counted anelad individuals were removed. Fspecies
with translucent shells, arenaceduechamminanflata andcalcareousiaynesina
ander®ni, living foraminifera were identified bypresence oprotoplasmandby sediment
aggregate@round the entire individual and/or the apertéi@.the opaque arenaceous
speciedMilliamminafusca sediment accumulaticeround the test, especially at the
aperture, and rerientationof the specimen apertustdde down were the main criteria
used

At the endof the 12 weeg all samples were stained witkB2lrops ofRose

Bengal and 0.5 ml ethanalias added to eadhishto confirm the assessment of live
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condition After 24 hours, anyoraminiferawith living protoplasm at the time of
applicationshould bestained aright rosepink (Walton 1952)The inal countof pink
specimensvas used to assest all foraminiferaemaining at the end of the feeding

studywere correctly classéd as living(Supplement BEL).

5.2.6. Feeding trials with associated invertebrate meiofauna

To examine potential invertebrate meiofadoeminifera interactions, separate cultures
were made that used foraminifera combined with meiofauna or small macabf

species. Petri dishes were prepared from mesocosm samples (Figure 5.1), and
foraminifera and meiofauna were combined as shown in Table 5.1. Samples for this
experiment were taken from selected elevational zones of the marsh mesocosm once in
October,and once in Februarultures were observed microscopicalfyer 24 hours

and 48 hours, including counts of individuals and notes on interactions between them,

such as direct feeding or items in guts.
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Table 5.1. Groups of feeding trials with paid foraminifera and meiofauna/small

macrofauna at the start of the feeding experiments. Each petri dish contained foraminifera
and a meiofaunal group (13 dishes with oligochaetes, 3 with polychaetes, 2 with
gastropods, 4 with ostracods, 4 with soil mitésychematic example of a petri dish (not

to scale) with foraminifera and oligochaetes is shown to the left of the table.

# Oligochaetes # Foraminifera # Polychaetes # Foraminifera
1 5 1 5
3 5 1 5
2 3 1 5
1 5 # Ostracods # Foraminifera
1 5 3 5
15 10 1 3
5 3 3
5 1 5
5 1 # Soil mites # Foraminifera
2 10 1 1
1 5 1 5
1 5 1 10
1 5 1 5
# Gastropods # Foraminifera #T. inflata # M. fusca
10 8 10 10
1 1

5.2.7 Biomass and abundance calculations of foraminifera and meiofauna

For backgound information on the biomass of foraminifera and associated meiofauna
(defined here as animals of si@&i 5 0 0 weitinin) the sediment community of salt
marshes, multipl@.5 ml samples cfalt marshmudfrom Chezzetcook Inlet arehch of
thefour high-salinity mesocosmones werevashed over631 500¢ nsieves The
sievedsamples were fixed witbthanoland stained with 2 nfRose Bengal solutigrand

then rewashed over a 68 nsieve to remove residual Rose Bengal and ethanol after 24
hours.Individualswerecounted andorted intamajor taxonomigroups foraminifera,
nematodes, polychaetes, oligochaegtssracods, copepods, amphipods, isopods, fly

larvae, and miteS'hewet and dry weights were then recorded for egolup oftaxa
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within each samplel'he wet weights were measured after evaporation of excess water;

dry weights were obtained after ovdryingat 65e C. over ni ght

5.2.8. Data analysis

Results from feeding trials and culturing experiments are presented as qualitative
observations. TEM work is also interpreted from images. Quantitative analyses
(descriptive mean and standard deviation statistms)pared irculture living counts to

the final counts of those stained with Rose Bengal. Meiofaunal feeding trials are

presented in table form. Biomass (mg) and abundance calculations are based on the mean
and standard deviations of th@samples per zon@ee Supplement-R). Percents of

biomass and abundarscebased on the totalf meiofauna plus foraminifera.

5.3 Results

5.3.1 General feeding observations and identifying living specimens

Of the agglutinatedalt marsh foraminifera in this studijrochamminanflata was the

only species seen with an extended pseudopodial (rhizopodial) network that provided
motility. Movement of the living specimens could dieserved witha stereomicroscope,

or inverted compound light microscope.inflata moved byorienting the aperturside
ventrally and pulling the test along the petri dish with extended pseudopodia at a
unidirectional speed of up tor@m hr. After one day, individuals were often up the
sides of the m tall petri dish, or on the opposite s{@ mm). No lateral movement
was seen iMiliammina fusa orJadammina macrescebsit individuals were also

commonly found congregated in pairs or small clusters (Figure 5.4), whether single or
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multiple species were present (Figure 5.5A,B), indicatingdloat, cryptic movement

occurred Miliamminafuscaalso displayed cryptic movement in@genting its test from

horizontal to vertical (apertwsde down) position.

| ey

Figure 54. Sketches of the same twoochamminanflata individuals in a petrdish
with filtered-detritus over a period of 6 hours. Detritus is common between the
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Regardless of motility, a good indicator of living specimens with extended

pseudopodia/cytoplasm was the anchoring ofdah@minifera to the bottom of the petri

di sh.

A gentl e
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that freefloated (dead). Another common indicator of live specimens was the presence of

detritus at the aperture (Figureg&; 5.5C) or covering the individual. After adding

detritus to the living cultures, individuals covered themselves in sediment (becoming

Anf eedi

ng cystso)

at the apertures. Scale ba
ri of the dish revealed
wi t hi M. fustabfteh arienteditsdlf Fi gur e 5

apertureside down(vertically) on the petri dish, with a bolus of detritus around the

apertural opening. Clean specimengd.ainacrescensecame surrounded in a thin layer

of detritus (Figure 5.5C) within 24 hours, with most particles concentrated at its aperture.

Whendetritusfree agglitinatedspecimen®f T. inflata were fed bacteria culturesin,
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translucentvh i t i sh fcl ouds éntiravtestdf tdévisgdoramiaifera d t h e
within 24 hours.

Calcareous species.§.,Elphidium williamsonandHelenina andersehhave
thin, shiny white, translucent tests and they were the easiest of the experimental taxa to
distinguish as being alive. In large dishes of unwashed, unsieved mud, both species
would be found attached to filamentous algae. Detfiters specimens had alféied
cytoplasm in many chambers except the terminal chamber. The cytoplasm was orange
brown inH. andersenand greenistbbrown inE. williamsoni(Figure 5.5 B G). Test and
organic linings of agglutinated species, especidliyusca were less transparent thtre
calcareous species. However, their cytoplidled inner chambers were consistently
darker than tests without cytoplasm viewed either under inverted light or direct light. The
three agglutinated species had viscous, opaque white cytoplasm regdrttiess o
source. Some living specimens that were damaged when moved by brush or pick showed

this living cytoplasm oozing out of the cracks or holes.
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Figure 55. Stereomicroscope photos of living salt marsh foraminifera. (A) clumped

Helenina anderser{i), detrituscoveredTrochamminanflata (ii), and Miliammina fusca

(iii) ; (B) M. fuscatop) andT. inflata, with detritus; (C)Jadammina macrescemsth

detritus concentrated around aperture opening; (Bidignina andersergovered in

gathered detritusH G) living Elphidium williamsonwith algafilled yellow (F) or green

(F) cytoplasm in all/l but ter minal chambers

Images of corresponding organic linings from the mesocosm foraminifera after
removal of the test with acids (Fréauthier and Mudie,®.4) show further details of

fine structure and sometimes organic exudate from outer charftbgure 5.6)
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Figure 5.6. Organic linings of foraminifera from T (middle marsh)Top panelLeft:
mid- focus showing mostly cytoplasfilled chambers; Righthigh-focus showing
remnant external organic membrane, possibly part of aysticicouslike feeding
network that assists in detritus gatherikiiddle panel Two dead specimens @f inflata
showing the organic lining structuaad differences imicropore-structure in the
chamber walls between terminal and inner chamiBatsom panel M. fuscawith
stained cytoplasm in chambers surrounded by a yellowish organic layer.
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5.32 Transmission Electron Microscopy

TEM images offrochamminanflata takendirectly from the mesocosm show a variety

of items in the food vacuoles including many bacteria in various stages of degradation,
small detrital particles and degraded cellular material (Figures 5.7, 5.8). Not all thin slices
showed cellular materials bdigestive vacuoles were recognised as relatively large,
light-coloured structures surrounded by a single membrane, whereas mitochondria and
the nucleus are darker (denser contents) and have double membrgnEgy(re 5.7).

Food vacuoles are surroundagldenser cytoplasm with blobs of unknown light and dark
material (possibly perioxisomes or smaller vacuoles not used for digestion), and they

often contain a mixture of items of various shapes and sizes (Figure 5.8).

Figure 5.7. Section of direcfrom-mesocosnTrochamminanflata, showing degraded
bacteria (B) in a food vacuole (V). (N)mitochondria, (N} probable nucleus due to
dense material and wide double membrane.
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Figure 5.8. Sections of two differeri. inflata food vacuoles (V), showing bteria in
various stages of degradation (B and DB). Perioxisomes (P) and mitochondria (M) also
visible in A. A = 16,500 x magnification of one vacuole, B = 26, 500 x magnification of
another vacuole.

These images confirm that the bacteria fed to thenimifera were being drawn
towards the test for possible consumption (Figure 5.9B). Specimens fed bacteria type 4
had vacuoles and intracellular material with wakserved bacterial cells (Figure 5.10).

Bacteria tend to lose their reghaped structuretlven they begin to degrade, giving

rounded or asymmetrical shapes (Simpson, pers. comm.; Figure 5.11).
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Figure 59. Intra-shell material of bacterited T. inflata individuals. All bacteria are red
shaped bacilla species. (A) Bacterigetl foraminiferalslice. (B) Bacteria 3ed
foraminifera and extracellular material. (C) Bactekited slice, with the red square
expanded in (D) to show details of intact bacteria.

Figure 5.10. Vacuoles (V) in a bacterié fed individual, showing undigested bacteria

(B). Enlarged image shows details of the vacuole contents and bacteria, including a fully
digested state where only the linings remain (bottom right vacuole). The enlarged images
also show mitochondria (M) and lipid droplets (L; used for energy storage).
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