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ABSTRACT

With the dramatic declinaa Atlantic anadromous fishes oviéie past centurig
is important to identify the relative roles marderived nutrients (MDNSs) delivered by
these fisheplay ininfluencingfreshwater food web dynamic®ivers in New
Brunswick and Nova Scotia, Canada contaimtigntic salmon Salmo sala), alewife
(Alosa pseudoharengysainbowsmelt (Osmerus mordgxor sealamprey Petromyzon
marinug as he primary anadromous species, were chosen to studgffieeisoni)
primary production/productivityij) trophic interactions; anid ) resource quality.To
understand the linkages betweesshwater and marine ecosystentseayvational
studies, experimental frameworks, and analytical techniques (including stable isotope and
fatty acid analysisyvere employed.

Biofilm communities folloveda predictable response pattern to MDN inputs,
regardless of thBshesspawning strategy, timing, or MDN load being delivered. Biofilm
community standingropand gross primary productivity were greatesiites receiving
MDN subsidies thaneference site The'*C and"N data showed that MDNs were
incorporated into all trophic leve(biofilm, invertebrates, and salmon paacyoss
streams witranadromous fisepawning. Communitywide niche spacg.e. the trophic
diversity among food webshifted toward the marineutrient sourcehowever the total
ecological niche spadee. magnitude of trophic diversityid not always increase with
MDN inputs. Exposure to MDN resources from spawning Atlantic salmon led to
improved nutritional qualityor all biota, as indicated by increased lipid storesll
trophic levelsand incorporation of fatty acids. The variability in fatty acid profiles was

accredited to inherent differences between trophic groups combined with assimilation of
i



marinederivedfatty acids in the MDN treatments. Precipitous declines in fish
populations have resulted @amet loss in MDN loading to a point that may no longer
sustain elevated levels of productivitgededor sustaining large fish populations.

The current trendf declining anadromous fish populatiansAtlantic Canada
means fewer nutriesrich marine subsidies for stimulating trophic production in these
river systems.Marine-derived subsidies (nutrients and lipids) benefit multiple trophic
levels of freshwateorganisms as well ggovidea crossecosystem spatial subsidy.
order to maintain ecosystem function and productivity, it is critical to include MDNs for

effective ecosystem management and river restoration strategies.
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Chapter 1

General Introduction



Ecosystem productivity is fueled by nutrient subsidies and cycling from within an
ecosystem or supplemental contributions (Polis et al. 2004). Pacific saligating
from the ocean to fresh water to spadeliver marinederived nutrients (MDN) (e.g.
nitrogen, phosphorous, fatty acids)the form of excretorynetabolites, gamete release,
and carcass decomposition (Bilby et al. 1996, Wipfli et al. 1G@8de et al. 2002).
These MDN9rovide an important seasonal marine resource to freshwateipandn
ecosystems (Durbin et al. 1979, Schindler et al. 2003, Johnston et al. 2004, Walters et al.
2009 and have theotential to increase stream ecosystem productivity (Naiman et al.
2002, Mitchell and Lamberti 2005); the loss of these MDN may redteans
productivity (Stockner and Ashley 2003 the Pacific Northwest, MDN subsidies
delivered by Pacific salmoi®ficorhynchuspp.) have resulted in increases in biofilm
biomass (Wipfli et al. 1998, Johnston et al. 2004, RYegg et al. 2012) and pityduct
(Levi et al.2013),macroinvertebrate abundance and biomass (Wipfli et al. 1998,
Chaloner et al. 2004, Lessard and Merritt 2006, Lessard et al. 2009), and increases in
juvenile salmon growth (Wipfli et al. 2003) and abundance (Chaloner et al. 206, W
et al. 2010).Althoughless studiedMDNs have been found to have widespread eff#cts
multiple trophic levels in Atlantic river systems, including biofilm (Walters et al. 2009),
zooplankton (Durbiret al. 1979), macroinvertebrates (Jardine e2@D9; Walters et al.,
2009), and fish (Garman and Macko, 1998; MacAgbgl. 2009).

Many anadromous fishes in Atlantic Canada do not die after spawning, but
collectively their release of excretory-pyoducts and gametes may result in quantities of
MDN comparable téhose of Pacifi salmon (Jardine et al. 2005, 200®ainbowsmelt

(Osmerus mordgyare iteroparous and return to the sea after spawning. In early spring,
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they spawn in small streams just above the heade{McKenzie 1964, Chase 2009)
layingsmall, adhesive demersal eggtewives (Alosa pseudoharengualso are
iteroparousspawinng in late spring, depositg nonadhesive, demersal eggs in headwater
lakes or lakdike areas in rivers (Mullen et al. 1986, Mather et al. 2012). Therefore
nutrient subsidies to lotic portions of the river are primarily through excretory products
and decomposition of unsuccessful spawnersl&eprey Petromyzon maringsan
obligate semelparous species, build redds and spawn in early summer in similas habitat
to Atlanticsalmon (Scott and Scott 1988). Atlansmimon Salmo salay, like their
Pacific counterparts, spawn in the autumn, but they are iteropdt@imuld be noted
that these are not the only anadromous fishes found in Atlantic rivers, larttteglones
chosen for this study.

In Atlantic Canada, freshwater systems generally are nutrient limited (Elliot et al.
1998). The dramatic decline of anadromous fishes in the past century and the subsequent
reduction of MDNs may haveadprofound effect®n aquatic production, particularly in
nutrientpoor systemsBiofilm is a complex of autotrophic and heterotrophic organisms
embedded in a polysaccharide matrix and attached to submerged organic and inorganic
surfaces (Lock et al. 1984). The algal, fungad bacterial community groupsund
within the polysaccharide matrix exchange nutrients and metabolic byproducts with the
boundary layer (Wetzel 2001). Algae produce assimilable photosynthetic organic
compounds used by bacteria (Roman’ and Sabatdy) 20@ fungi (Findlay 2010) and
bacteria have a synergistic relationship with fungi, however the mechanisms are unknown
(Bengtsson 1992). Fungi produce particulate organic matter biologically available to

algae and bacteria (Findlay 2010) and algae iraratp micronutrients secreted by
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bacteria (Nalewajko et al. 19B0Biofilms are the foundation of stream food webs, and
contribute significantly to overall primary productivity. Therefore, they are the basis for
bottomup effects of MDN.Thestorage andelease of nutrients from the substratum acts
as a mechanism by which nutrients are made availalgemary producerafter
anadromous fish have emigraig@OKeefe &dwards, 2002), which enables the biofilm
to increasenetabolic functioning and keep fdaveb productivityhigh during an
otherwise slow period of metabolisietticrew, Rex & Albers (2011) demonstrated that
MDNs are retained and stored within the substratum, lengthéméngeriod of nutrient
availability. Any changes in stream nutrient dymas (e.g. marin@utrient subsidies)
will be reflected on the biofilm community, either directly on particular organisms or as a
cascading indirect effect on multiple members of the community.

Stable isotope analysig carbon §-C) and nitrogend°N) is aneffectivetool
for identifying marineresourcesn freshwater food webasnd allovs for dietary
inferences to be made due to the predictability of isotopic relationships between
consumers and their fodd.g.Bilby et al1996 GarmamndMacko 1998 Chaloner et al.
2002, Jardine el. 2009, Reisinger et al. 2013Stable isotope composition reflects both
trophicstructure and function, making inferences about food web dynamics possible
(Finlay et al. 1999). The predictable fractionation patterd3a#“C andN/*N are
well documented and have been useful to identify food sources and trophic position,
respectively (Post 2002). Marine environments are typically enriched in the heavy
isotopes of nitrogen'{N) and carbon’fC), whereas freshwateystems are typically
depleted, facilitating the use of stable isotope analysis to trace MDNs through aquatic

food webs (Kline et al. 1990). Isotopic enrichment primaptlyvides indirect evidence
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of MDNSs, the use omixing modeldqe.g. SIAR)can increas¢he understanding of the
importance of MDNs bydentifying their relativecontributions to a consumerOs diet
(PhillipsandGregg 2001Moore and Semmens 2008 his better estimates the
proportion of diet attributable to direct and indirect sources attinays of
incorporation.

Other biomarker mthods such dgid andfatty acid analysisan help identify
theecqhysidogical importancef MDNSs. Similar to stable isotope analysighen
sources have distinct fatty acid compositidagty acid profilescan be used to
characterize freshwater and marine food webs (Henderson and Tocheard®87)
resources consumed by freshwater biota (H&h&.2004) This is possible because,
unlike other dietary nutrients, fatty acids are not generally degradeétandtheir basic
form in consumer tissuéBudge et al. 2006). Lipids supply energy and essential
nutrients that are critical for metabolic functions, growth and reproduction (MYller
Navarra et al. 2000) and are widely considered to be among the mostantp
nutritional compounds. Fatty acid profiles are not only an effective biomarker for
studying trophic transfer (lverson et al. 2004) but also provide information as to their
importance as essential nutrients. Therefore lipid analysis represeiis smgrgy and

a measure of nutritional condition or an increase irgtladity of resources (Fraser 1989).

1.1 Objectives

The goal of my dissertation was to understand the importance of returning
anadromous fishes on freshwater ecology and traptecactions. Specifically the

objectives werel) to investigate whethdviIDN's from spawning anadromouslies



resulted inchanges in the bidin constituents in Atlantic river2) evaluate how

different timing and spawning strategies in anadromousdistilience resource
subsidization through indirect and direct trophic pathways within freshwater food webs;
3) determine the effects gpawning Atlantic salmon on stream productivity

investigate whether Atlantic salmon are a significant source ohenfatty acids to
freshwater food weh®$) determine the significance (current and historic) of MDN as a
source of nutrients for increasing freshwater productivity andltewistory and

spawning strateggffectthis MDN flux. To address these obje&s/the following

studies were conducted:

biofilm community responses MDN inputd(Chapter 2)

e timing and response &IDN uptake into aquatic food welShapter 3)

e changes in freshwater production and productiaggociated with MDNs (Chapter 4)
e uptake ad storage of marinderived fatty acids in freshwater organisf@hapter 5)

e comparative analysis of MDN inputs of pegploitation relative to present day

(Chapter 6)

1.2 Dissertation Overview

My dissertation is focused on identifying the relative rélE3Ns from a variety
of anadromous fishgday in regulatingreshwatefood web dynamics. To achieve this |
combineobservational studies, experintal frameworksandanalytical technique®
understand thinkages between freshwater and marine ecosystems, as presented in four
chapters (Chapters®). | also looked at marireutrient contributions from a historical

perspective (Chapter 6).



In CHAPTER 2 (published iRreshwater Sciencg015)34:881896), | focused
on biofilm community group responses to MDNs from four species of anadromous fish
(rainbowsmelt, alewife, sealamprey, and Atlantisalmon). Imeasuredhe
spatidemporal changes in the abundance and composition of biofilm algae, fungi, and
baderia insix Atlantic rivers with contrasting influx of MDN I hypothesizedhat with
exposure to MDN algal, fungal, and bacterial communitigsuld experiencesimilar
stimulated growth patternghichwould be maintainethrough the season relative to
comparable river reachest receiving MDN.

In CHAPTER 3 (n reviewJournal of Fish Biology, the focus was to evaluate
how different timing and spawning strategies in anadromous fishes influence resource
subsidization through indirect and direct trophathpvays within freshwater food webs in
Atlantic rivers. | measurechanges in nitrogen isotopic compositi@i’l) in biofilm,
macroinvertebrates and resident salmonids to characterize temporal dynamics of MDN
incorporation between stream reaches withwaitidout MDN inputs. | predicted that the
pathway of MDN incorporation into the tissues of freshwater organisms would differ
depending on the anadromous species spawning. Furthermore, | postulated that the tissue
isotopic composition of resident strearshfwould shift to reflect a diet high in MDNs
during the period of anadromous fish spawning.

In CHAPTER 4 (published iRreshwater Biology2015) 60:16471658),
assuming biofilm is under some degree of nutrient limitatiamyestigated whether
spawning Atlantic salmon alleviates such nutrient limitation, thereby increasing biofilm
community metabolism and biomass. | predicted that MDNs from spawning Atlantic

salmonwould relievethe ObottorapO constraingd stimulatgroductivity. CHAPTER
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5 (published inEcospherdOl: 10.1002/ecs2.18)8ocusxdonwhether Atlantic salmon

are a significant source of marine fatty acids to freshwater food viab8Ilm,
macroinvertebrates and Atlantic salmon parr were analyzed for fpthtbntent and

fatty acid profiles to determine if in addition to increasing freshwater production, marine
derived subsidies can also increasegihality of food resources by increasing energy
stores in constituents of aquatic ecosystenmedicted that access to marine subsidies
would lead to increased lipid stores in consumers through direct consumption of eggs
rather than viandirect consumption and trophic transfer.

In CHAPTER 6, | compared the net MDN contribution from Atlantic salmon and
alewwes in the Miramichi River, NB Canada, at the current (low) population levels and
at their population equilibriums (with no exploitation). | predicted that with the
precipitous declines in fish populatiofie. 96% decline in Atlantic salmon and a 76%
decline in alewives)net MDN loading has shifted to a point that may no longer sustain
elevated levels of productivity for sustaining large fish populations. In CHAPTER 7 |
summarize the results from CHAPTERS620 make generalized predictions about how
MDNs from Atlantic anadromous fishes influence stream ecosystems in relation to

prevalent environmental conditions.
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2.1 Abstract

Spawning anadromous fishes can enhance primary and secondary production in
streams by providing marirderived nutrients (MDN), but little is known of their effects
on individual biofilm constituents (algae, fungi, and bacteria). To adthississue, we
measured spatial and temporal changes in the abundance and composition of biofilm
algae, fungi, and bacteria in 6 Atlantic rivers with contrasting influx of MDN. Each river
had a natural barrier to anadromous fish migration, which estedlesth upstream control
and downstream treatment area, with Atlantic Salns@info sala), Alewife (Alosa
pseudoharenglsRainbow Smelt@smerus mordgxor Sea LampreyRetromyzon
marinug as the primary anadromous species. In areas receiving MDN, eslieadgal
and fungal biomass and bacterial density were maintained throughout the season. Algal
communities showed the largesB(Px) increase in abundance over control sites, and
Rainbow Smelt spawning streams had the greatest accrual. The riverevitifeA
showed the largest %2 increase in fungal biomass during the spawning period. Changes
in bacterial density were greatesk (Acrease) in the Rainbow Smelt spawning streams.
An increase in spawning density (i.e., nutrient load) supported greateass
accumulation, but the system appeared to saturate quickly. Biofilm in Rainbow Smelt and
Alewife streams were enriched up to 2.543"N during spawning, whereas a 14
enrichment occurred in the Sea Lamprey and Atlantic Salmon streams compared with
system baseline values. The degree to which MDN drive productivity and the mechanism
of how these nutrients are incorporated to increase productivity and ultimately fish

production remain unknown.
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2.2 Introduction

Nutrient subsidies and cycling drive productniih freshwateecosystems.
Anadromous Bhes migrating from thecean to fresh water to spawn deliver marine
derived nutrient$MDN) in the form of excretion metabolites, gametkease, and
carcass decomposition (Bilby et al. 1998)ese MDN mayconstitute a signiant
nutrient subsidyo recipient fresh waters (Durbin et al. 1979, Johnstal. 2004,
Walters et al. 2009), which is importdot stimulating and maintaining productivity
(Naimanet al. 2002), and the loss of these MDN may redti@amproductivity
(Stockner and Ashley 2003 the Pacift Northwest, Pacii sdmon runs have declined
significantly, precipitating declines in productivity (Schindler et al. 20@&ough
these reductions are well documented in wedtemth Ameri@a, MDN contributions to
freshwater productivityn Atlantic rivers have received little investigatigvisiow et al.
2004, Post anwvalters 2009).

In the Pacift Northwest, MDN subsidies delivered Bgcific salmon
Oncorhynchuspp.)have resulted in incesedn biofilm biomass (Wipflet al. 1998,
Johnstoret al. 2004, RYegg et al. 2012) and productivity (Levi &Qdl3), although in
some cases disturbance from spawmsialgnon has decreased biofibiomass (Moore
andSchndler 2008). Semelparous Pacifialmon contribut®DN through carcass
loading of all spawners, gametasd excretory products (Wip#t al. 1998). Many of
thesestudies were focused on theezfs of dissolved MDN anarganic matter delivered
by anadromous fishes on biafi accrual but in several studies, consumption of carcass
and egg material also waan important driver of productivity. Changes in

macroinvertebrate abundance and bionfdépfli et al. 1998, Chaloner et al. 2004,
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Lessard andlerritt 2006, Lessard et al. 2009), andreases in juvenilsalmon growth
(Wipfli et al. 2003) and abundan@@haloner et al. 2002, Wipfli et al. 2010) also have
beenobserved with salmaederived inputs. MDN inputs frorAtlantic anadromous
species are not as well exploredtlhsse on the Paaif coast, but a number of
investigatorrave shown that they are important to freshwater ecosy$iumisin et al.
1979, Jonsson and Jonsson 2003|ow et al. 2004, Jardine et al. 2009, Nislow and
Kynard2009, Walters et al. 2009, Guyette et al. 2013420Thediverse life histories
and spawning strategies of Atlanéinadromous fishes probably udince the relative
effectsof MDN from patrtial carcass loading, gametes, and excr@i@yucts on stream
productivity.

Unlike Pacific salmon, Rainbow Smédsmerus mordgxare iteroparous and
return to the sea after spawningelrly spring, they spawn in small streams just above
thehead of tide (McKenzie 1964, Chase 2009). Excretory proguotsde dissolved
nutrients immediately available faptake bybiofilm communities (Vanni 2002), and the
small,demersal eggs are readily available for direct consumpgidrenthic invertebrates
and fish. Unsuccessful eggs, shéitsn hatched eggs, and limited carcasses provide
nutrientsand organic matter throughdakdown and subsequenitrient release
(Parmenter and Lamarra 1991). Alewiy&¢osa pseudoharengualso are iteroparous.
They spawnn late spring, deposit nonadhesive, demersal eggs in headakagior
lake-like areas in rivers (Mullen et al. 198@ather et al. 2012). Other than in the lentic
spawning areasutrient subsidies to lotic portions of the river are primahhpugh
excretory products and decomposition of unsuccespawners. Sea Lamprey

(Petromyzon maringsthe only obligate semelpaus species that we sampléedild
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redds and spawn in early summer in similar habitafstlantic Salmon (Scott and Scott
1988). In addition t@xcretory products and gamete release, Sea Lamprey potentially
contributelarge amounts of MDN and orgamitatte through the body mass of dead
spawners (Nislovand Kynard 200p Atlantic Salmon $almo sala), like theirPacific
counterparts, spawn in the autumn, but theytareparous, so metabolic fproducts

and gametes athe primary sources of MDN.

In Atlantic Canada, freshwater systems generally are nulinated (Elliot e al.
1998). Many anadromousshiesn Atlantic Canada do not die after spawning, but
collectivelytheir release of excretory fproducts and gametesay result in quantities of
MDN comparable to thos&f Pacific salmon (Jardine et al. 2005, 2009). The dramatic
decline of these $hes in the past century and the subsegeantity ofthese MDN may
have profound eéfctson aquatic production, particularly in nutrigsdor systems.
Nutrient availability plays a primary role in stream dynamas] the spatial and
temporal availability of these resour@ infuence community structure and ecosystem
functioning.

Biofilm, in the context of our study, is the matrixaaftotrophic and terotrophic
organisms growing on theurface of organic and inorganic substrates in streamshand
be particularly ensitive to changes in MDN infk. Stream biofims are a complex
community of algae, funggnd bacteria within a se#fxcreted polysacchde matrix
(Lock et al. 1984). In addition to light availability (Rosematchl. 2000), constraints on
the productivity of theseommunities are frequently related to the amount of nutrients
available to periphytic algae (Carr et al. 2005, Chalehat.2007, FisherWold and

Hershey 1999, Romanahd Sabater 1999) and bacteria (Haack and McFE38&
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Sobczak 1996, Sobczak and Burton 1996, Romad’'Sabater 2001). Studies of
periphytic fungi are limitedPorterGoff et al. 2010) and tend to be focusedepixylic,
rather than epilithic biolim (Tank and Webster 1998, Taakd Dodds 2003Most of the
research on the &ftts ofMDN on biofilm has been centered on Pacific salr{eqg.,
Wipfli et al. 1998, Collins et al. 2011, Holtgrieard Schindle011, RYegg et al. 2012,
Levi et al. 2013pand evaluation of wholeommunity responses, rather tregal, fungal,
and bacterial community responses separatédyrzy comparative studies on assemblage
structureof biofilm communities were not focused oh&bfthese components (algae,
fungi, bacteria), and few publishetlidies have addressed the interactions amoi3goéll
these primayr biofilm groups (PorteGoff et al. 2010)Biofilms are the foundation of
stream food webs, and contribgignificantlyto overall primary productivity. Therefore,
theyare the basis for bottoup efects of MDN.Any changes in streaptosystem
dynamics will be reictedon the biofim community, either directly on particular
organismgr as a cascading indirect @t onmultiple members of the community. These
shifts in foodweb productivity in response to environmental change are evidgrtbe
dynamic nature of biofilm.

The focus of our research was to investigate whéttidx from spawning
anadromous $hes resulted iohanges in the bidfn constituents in Atlantic rivers. The
objectives of this study were to: 1) quantify changesiafilm algae, fungi, and bacteria,
and 2) assess spatial aethporal dynamics in biomass accumulation as a function
of spawning densitye used stablsotope analysisf C (*°C) and N §*°N) to assess
whether biofim assimilatedhe MDN. The algal response to nutrient inputsed

established in the literature, so we predicted that efosure to MDN, algal, fungal,
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and bacterial aconmunitieswould demonstrate similar stimulated growth patteans,
that this standingtock accrual would be maintaintdough the season relative to

comparable rivereachesot receiving MDN.

2.3 Methods

2.3.1 Study sites

We compared biofilm accrual in 6 streamdNew Brunswick and Nova Scotia,
Canada, chosen for study2009 and 2010 based on the anadromous fish sp@essnt
and timing of the spawning run (Fig1). Weselected rivers to include MDN transport
primarily by Rainbow Smelt (Knoydart Brook arddiantown Brook) Alewife
(Oromocto River), Sea Lamprey (Cross Creek)atlantic Salmon (Rocky Brook),
although minor contributionsy other anadromous fishes were preseetich system
(Table2.1). DoctorOs Brook served as a corgystem with no MDNnputs, although

prior to 2009 Rainbow Smelt commonly spawned in this river (elgrdine et al. 2009).

2.3.2 Experimental design and sample collection

For each river, 2 reference sites (no anadromouswvishy selected upstream of a
natural barrier (impasbé waterfall), and 3 sites receiving MDN were selected
downstreanof the barrier. The upstream sites and DoctBr@sk allowed for controls at
2 scales of spatial resolutiddiofilm samples were collected during prespawning,
spawning, and postspawningrpds in up and downstrearites following a Before
After-Controtimpact (BACI)study design (e.g., StewaDaten et al. 1986, Mitchell and

Lamberti 2005). This upstredownstream approach hlasen used to evaluate the
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effects of MDN in several studi€¢s.g., Wipfli et al. 1999, Chaloner et al. 2004, Mitchell
andLamberti 2005, Collins et al. 2011). We assumed that anadrdisbispawning did
not affect stream processes upstredutine natural barrier. Therefore, we compared
measurementisom downstreansites to the correspondingstream sites through time to
track incorporation of MDNnto the food web.

We used artificial substrates for colonizing biofimder natural stream
conditions and for subsequent samplifigese substrates were-2010-cm slate tiles,
preconditionedo remove organics by combustion at 55@p€12 h in a muffle furnace.
We attached 14 tiles topdastic mesh in a 2 7 rectangular grid with a tividth
separation between tiles. We randomly placed and setutbdstream bed 3 tile
grids/site and incubatetlem for 3 wk before any anadromous fish spawning.

We collected biofm samples after colonization occurraad included
prespawning, spawning, and postspawmagods. At each site, we collected 1 tile
randomlyfrom each tile grid and placed it in a container with streater. We scraped
biofilm from the upper surface of eatile until we exposed bare tilgVe used
subsamples in 4 differeanhalyses: 1) biomass of algae (measured as chlorophyll
pigments), 2) mmass of fungus (as ergosterol)d@nsity of bacteria (direct count), and
4) MDN assimilation(stableisotope analysis df**C ands*°N).

Increased13 C and15 N stablasotope signhaturesould suggest inaporation
of MDN into the bioflm. To ensurehat these isotopic changes were the result of
incorporationof dissolved MDN rather than eggs and otimarineorigin paticulates
embedded in the bidfn matrix,we placed 3 additional tiles, ated to the substrate,

inside enclosures at each downstresit@ in KnoydarBrook. These erlosures excluded
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anadromous $h andparticulates >243 um (mesh size of the enclosure)aMtesampled

tiles postspawn, as previously described stableisotope analysis df**C ands™N.

2.3.3 Laboratory analyses

For algalanalysis, we ftered 3 replicate samples of bilofi material onto glass
fiber filters (Whatman GF/C, MaidstondK) in the field, stored thelfers in dark
containergto minimize pigment degradation), and kept them omidé they could be
frozen athe laboratory. We thawdtbzen filters and extracted bibf pigments in a
standardnixture of acetone:methanol (80:15 by volume). We measlgadl biomass by
guantifying concentrations of algaigments using a staadd trichromatic protocol
(Jeffreyand Humphrey 1975).

We extracted and quangfi ergosterol to estimate fundmbmass (Gessner
2005). We fitered samples onto glagberfilters and froze them for preservation as
describedchbove. We quantiéd the unreplicated samples usingltigh-perfamance
liquid chromatographic (HPLC) protocdéscribed by Gessner (2005).

We placed biofilm samples (5 mL) collected for bacter@lnts in sterile glass
vials and preserved them with Lugoi@ine solution (Pomroy 1984). We counted
bacteria witha modified 4,6diamidino2-phenylindole (DAPI) stain anepifluorescence
microscopy protocol, adapted from Porded Feig (1980)rad Tumber et al. (1993).
Modificationsincluded heating the sample at 65;C for 15 min, acidifyirgsample to a
pH of 2.0to 2.2 with 1 M formic acid, anddding 600 p L of sodium thiosulfate solution
to clear thesample and 500 p L sodium pyrophosphate, which actsadactant to

dissolve anyacteria attached to the bilofi.
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We ovendried biofim samples collected fatableisotopeanalysis at 60;C for
48 h, ground them to a homogenasvder, and weighed them in Sn cups. Stable
isotopeanalysis of C and N was done in the Stable IsotopRsiare Laboratory
(SINLAB), Canadian Rivers Institutélniversity of New Brunswek. Samples were
analyzed witteither a Costech 4010 Elemental Combustion System (Codidah,
Italy) or a Carlo Erba NC2500 Elemental Analyg€arlo Erba, Milan, Italy) interfaced
through either @hermo Finnigan ConFlo Il or ConFlo Il elemental lyaar (Thermo
Finnigan, Breran, Germany) to a continuofl®w mass spectrometer (Thermo Finnigan
Delta Plus or Delt®lus XP). Isotope values, reported in standaibtation,were

measured imnits of parts per thousand {&and calculatedsing the folleving formula:
(2.1) 6X = (Rsample - Rstandard) -1

where X is the stable isotope of interé3€(or °N), andR s the heavy:light isotope
ratio.

Stableisotope values were calibrated to Vienna PeeBeemnite (C) and
atmospheric Nusing known laboratorgtandards: acetanilide, nicotinamide, (Elemental
Microanalysis_td., Okehampton, UK), ammonium sulfate (NN2; International Atomic
Energy Agency [IAEA], ViennaAustria), sucrose (IAEACH®G6), polyethylene foil
(IAEACHT7), and peaclheaf (National Institute of Standards aheichnology [NIST]

1547; Gaithersburg, Maryland). Duplicatetermination of actual samples agreed to

within 0.2& .

2.3.4 Data analysis

We expected biolin accrual to vary naturally througime, and we assumed that
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all sites within a river woul@xperience similar seasonal changes. We measured algal,
fungal, and bacterial biomass/density and isotope raéftse anadromoussth spawning
and assumed that thessglues were background or baseline conditions. To acféount
inherent diférences in background isotope valaad compare changes in isotopic
incorporation correcthamong downand upstrem sites, we standardized &N values

to baseline values by subtracting the prespawhiMdsotope valuesst°Ny) obtainedor

each sampling locatidinom postspawning values'tN;):
(2.2) A8'5N = (8'5N; — 8°N,)

We evaluated theffeect of sampling upor downstreanof a spawning barrier and time
on algal biomasdgungal biomass, bacterial density, andtasotope ratiosising
mixed-model analyses of variance (ANOVA3he ANOVA model included thexed
factors barrie(above or below), date (sampling period), and the rarfdotor site (2 or
3 replicates above or below the barrrespectively). For #algal biomass and bacterial
densityanalyses, the level of replication was the samples (3/sit&)ever, samples for
fungal biomass were unreplicated, the replication unit for this analysis was the site.
Thereplication unit for the stablsotope aalysis also wathe site. Thappropriate
denominators for ffatios weradentified following Underwood (1997) (Tabg2). We
conductednultiple comparisons of significan&d sourcesf variation with TukeyO s
test.

We calculated effect size to expréise general responsé algae, fungi, and
bacteria to MDN. We calculatemimulative effect sizes and 95% cal@nce intervals

(Cl) for response variables chlorophyll, ergosterol, bactedahts, ané*N as
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described by Janetski et al. (200@)e calcuated eféct sizes for all constituents in all
riversand in each river, and for each group (algae, fungi, bacteral)rivers and in
each river. We also calculated #féect size fo™N stableisotope data in all rivers and
in each river.

We fit therelationship between Rainbow Smelt spawrdegsity and net algal,
fungal, and bacterial increaseadonad model (Mcintire 1973, Borchardt 1996). This
model is used frequently to represent the relationship betperghyton growth and
nutrient concenation. Webuilt this relationship using Rainbow Smelt becausédack
comprehensive spawning estimates for the entire andrindividual study sites, whereas
spawning estimates fdine other rivers were not as rigorous and may havlsdurious
results Rainbow Smelt spawning estimates Barctor®, Knoydart, andndiantown
Brooks for 2009 an@010 were compared to net increases in algal and fbrgabss
and bacterial density.

We estimated the net increase in abundance frompldot® of biomass/dengit
through time as the area betwekea up and downstream accrual curves. We calculated
area as the weighted average of abundance for each sapggiiod using the trapezoid
rule (see Appedix 1, Appendix2 for details). This approach yielded 1 timeegated
value of the net increase in accrual relative to the syisgsmline (upstream of barrier).
Assuming abundance is an independent, normally distributed, random variable, the
square root of the sum of the variances can be ussddalate thestandard deviation for

the weighteeaverageestimate.
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2.4 Results

Standing crop of constituent groups of the biofilm (epilithearjed seasonally,
and downstream sites had greatigial and fungal biomass and bacterial density than
upstreanreference sites (§. 2.2APR, Table2.3). Algal, fungal,and bacterial
abundance all increased sigo#ntly after riverseceived MDN (Fig2.2ADR). In all
rivers, except Doctos®rook (no anadromoussih), fungal biomass (Fi§.2GPL) and
bacterial density (Fi2.2MPR) reached a maximum followdxy a decline before
stabilizing or increasing agaiAlgal biomass showed this pattern in only 3 rivers (Fig.
2.2C,D, F), and had a more linear pattern through time intheRainbow Smelt rivers
(Knoydart Brook; Fig2.2B) andthe Sea Lamprey river (Cross Creek; R@E). The
Alewife river (Oromocto River) supported the greatest fungal biomassg spawning
and the greatest seasonal increg#dengal biomass of any river (Fig.2J). It also had
thegreatest seasonalcrease in bacterial density (F&J2P).Knoydart Brook showed the
largest seasonal increaseaigal biomass of any river (Fig.2B). Only Doctor® Brook,
which had no anadromous Rainbow Smelt spawn in 20022010, showed no
difference in biofilmstanding crofpetween the upand downstream sites.

MDN had an overall positive ef€t on communitgtanding stock (cumulative
effect size 1.522, 95% CI6:9491.657; Table2.4). Bacteria had the greatest cumulative
effect size of the 3 groups (1.092, 98%= 0.9491.647). Of the 5 rivergeceiving
MDN, the greatest efictwas on Knoydart Brook (1.033, 95% CI = 0.881777)and
the lowest was on Cross Creek (0.687, 95% GI5321.043). DoctorOs Brook, which
did not receiveMIDN, had a negative cumulagi\efiect size 0.015, 95%C| =D0.272Db

0.208). Mean cumulative eftt sizes for algafungd, and bacterial responses éiféd
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among riversindiantown Brook had the largest effect size for the ajgalip (0.687,
95% CI = 0.4220.999), whereas Rockgrook had the greatest etit size for the fungal
group(1.061, 95% CI = 0.741.913), and Knoydart Brook hdle greatest &kct size
for the bacterial group (2.010, 952% = 1.59%P.961). Marinederived nutrient inputs
resultedn positive cumulative e€tct sizes for all riversombined (1.213, 95% CI =
0.84®1.776), with RockyBrook having the greatest efft size (3.170, 95% CI1 2570
3.653; Table.4).

Meand™C ands™N isotope values were similar betwagn and downstream
sites before spawning (T&f.5). Spawning anadromouslifii delivered MDN thatvere
enriched in*C and™N (e.g.,©18.56 and 15.70, respectivefgr smelt eggs). Trends in
isotopic enrichmenof §°C and&™*N values were similar during periodsMDN input,
so we report only results f61°N. Isotopevalues for5'°N varied seasonally, and
downstreansites had greater values than did upstream referencéRsge3.3ADF,
Table2.6). In all rivers with anadromousstieswe detected a signdant earichment of
N in the bioflm during spawning (Fig2.3BDF). By the end of Ju§™N values
returned to baseline in rivers with spring (Rainimwelt and Alewife) and early summer
(Sea Lamprey3pawning fshes (Fig2.3BDE). In Rocky Brook where spawry by
Atlantic Salmon occurs in the autumn, isotpdues also declined pespawn, but we
were unable taetermine whether these values returned to baseline lm@dsise sites
were inaccessible during winter (FR)3F). The seasonal pattern BN incorporation
closely trackedhe seasonal changes in fungal biomass, especially f@rtmocto
River and Rocky Brook. Stableotope valuesh Knoydart Brook (Fig2.3B) and

Indiantown Brook (Fig2.3C) became enriched N, reached a maximum during
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spawning, and became depleted after spawning. This patsralso observed in algal
biomass, but the pattewnss less pronounced:°N values did not dier betweemp- and
downstream sites at DocterBrook (no anadromotish spawning) (Fig2.3A).
Prespawning data showet spatial patterns in isotope values among sites within
streams. Terefore, we attributed signifint increases &N at downstream sites
relative to upstream sites kDN (Fig. 2.3BDF). 5*°N isotope values did not déf
betweertiles in- or outside enclosures (F(2,12) = 0.002, 0.865).

Net increase in algal biomass was related to Rairfimelt spawning densityr{
=0.784; Fig2.4A). Algal abundancencreased 4 in rivers/years with Rainbow Smelt
spawning than without, ingendent of spawning densityer, or year (Fig2.4A). Net
increase in fungal biomasss 3 greater with Rainbow Smelt spawnirgf (= 0.759;
Fig. 2.4B), whereas bacterial density was 22feater withRainbow Smelt spawning (R

= 0.724; Fig2 4C).

2.5 Discussion

We tested the effects of MDN from anadromosidison biofim in several
rivers in Atlantic Canada. Our dathow that biolm communities follow a predictable
response@attern to MDN inputs, regardless of the spawsingtegy, timing, oMDN
load being delivered. Bidfn community standing stocks from corresponding rivesse
greater at downstream sites receiving MDN subsithas at upstream reference sites, a
general patternbserved for most bidifin groups in most river systemsceivingMDN.
The Oromocto River and IndiantovBrook had the most pronounced patterns. For most
rivers,the seasonal maxima (before the period of decline) of bigadass were
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inconsistent between streams, wherea$uiogi and bacteria, seasonal peaks generally
were synchronous with the period of spawning. In all rivers with anadrofisbes,
biofilm was signifcantly enriched if°N during the spawning period and variable for
periods thereafteilhis isotopic response provides additional evidghagincreasem
biofilm standing stock were the resultMDN incorporation (Bilby et al. 1996).
Variation in spawningtrategy, timing, and spawning abundance influeticedlirection
and magnitud of the eféct of MDN on biofilm community standing stock. Tineesence
of spawningRainbow Smelt resulted in a net increase in algal biorisgever, a
maximum biomass accumulation threshetas reached despite increases in spawning
density, a responsdso reported by Wif et al. (1999).

Biofilm group standing sicks generally followed thegredicted temporal pattern
of algal biomass in streaniBiggs 1988, 1996) with accrual reaching a maximum level
spring followed by a decline through the summer amather increase in autumn. The
summer decline has beasso@ted with light limitation as the canopy closes (Al&ard
Castillo 2008). The lower canopy cover of Knoydamok compared with the other
study streams would haedlowed more light to reach the substrate and may explain the
lack of a summer decline algal biomass at thiste.

The similar responses of algae, fungi, and bactefiédl indicate that MDN
and organic matter from anadromdigh provide resources that directly increase the
turnover of the entire bidfn community. MarinederivedN and P ontribute more to the
autotrophic (algae) responsehereas particulate organic matter contribmese to the
heterotrophic (fungi and bacteria) respon3é®se mixed autotrophic and heterotrophic

groups havea relationship that allows the community agtele tosustain high standing
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stock (Carr et al. 2005) through synergistiieractions between biddn groups
supplying dietarynutrients to one another (Bengtsson 1992). The autotraphic
heterotrophic components contribute organaterial to the xier environment. Algae
release photosynthetoroducts; bactéa release micronutrients, Gandenzymes
(Wetzel 1993); and fungi release particulate orgamatter (Findlay 2010); all of which
help facilitatestream processes, such as primary produethmhdecompositiorn.he
integrated structure of bidfn makest physiologically benetial to be closely coupled
with themetabolism of the associated communities (Wetzel 19%%) mechanisms
underlying the coinciding increasessitanding stock observed all rivers with
anadromous $§hprobably occur via a mix of direct and indirect pathwaysnecting
MDN and biofim groups through direct consumptiohMDN and organic matter,
increasing turnoveand metabolic byroducts.

Seasonal peaks in algal, fuaigand bacterial standirsggock were less pronounced
in the Sea Lamprey stregi@ross Creek) than in the other streams. The smaller
magnitude of change may be a result of the spawstnagegy or nutrient availability
from Sea Lamprey. Redmbnstrudbn during spawning can signdantly alter thestream
bed and displace and reduce biomass and dexidigfilm communities (Minakawa and
Gara 1999, Moorand Schindler 2008). Sea Lamprey are semelparotisego
potentially contribute large amounts of MDNdhighcarcass decomposition (Nislow and
Kynard 2009), with gametemd excretory products also contributing. Sea Lamearg
observed spawning (a total of 17 redds counted; Kpé&onal observation) within the
study sites, but no carcassesre found. Ths, the small changes in commurstgnding

stock could be the result of minimal loading frearcass breakdown. In contrast, the
29



large increase in fungabundance in the Oromocto River occurred duringiffsgream
migration of Alewife to the spawning grods inthe headwater lake. During the

migratory period, the riveloed was covered by a layer of scales, in some places 2 to 5 cm
thick. This river was the only one with noticeab&cass loading. The observed fungal
accrual in the OromoctRiver probablywas a result of this organioatterloading and
associated decomposition (Tiegs et al. 2011).

Other species may deliver proportionally more nutrientsform that is more
readily available for uptakiey biofilm. Unlike nutrient subsidies from carcassekich
have to be mobilized before uptake, nutrients from excrgagucts (e.g., NkJ are
available for immediate uptak€&he greatest increase in algal abundance was in the
Rainbow Smelt streams, Knoydart and Indiantown BroBlasbow Smelt spawn in
early spring typically after the ideas left the stream (early May at Knoydart and
IndiantownBrooks). Spawning occurred only in the lower 350 rnthefstreams and
lasted™ 4 wk, so nutrients from excretopyoducts weregadily available to drive
biofilm growth.MDN from spawningAtlantic Salmon increased bitfi group standing
stocks at a time (late summer and autumingn accrual usually is slow (Liboriussen and
JeppeseR009). The prolonged residence time of Atlantic Salmon in Rocky Brook made
MDN contributions from excretorproducts more signifant to nutrient loading and
productionthan previously thought, especially because dissotuétents a readily
assimilated by biofin (Post and Walterg009).

Historically, these and other species woulddspawned in the same river
system, resulting in multipl®IDN pulses, diféring in type (dissolved vs particulate),

amount delivered, and timing of delivery (seasonality, frequenagnitude, or
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duration). For example, one speamight deliver MDN primaily in dissolved form (i.e.,
excretory products) optimal for autotrophs, whereas subsespecies might deliver
primarily particulate nutrient®ody material or substrate disturbance) more available to
heterdrophic components of the bitfi. Thus,seqiental MDN pulses might allow
different membersf the bioflm community to respond in a way that optimites total
uptake of MDN.

Increased MDN loading can alleviate nutrient limitationautotrophic groups
and, at least in part, for heterotropgioups (RYegg et al. 2011). Based on the friata
the 3 streams with Rainbow Smelt, large increasestimalgal and fungal biomass and
bacterial density occurreat the lowest spawng density observed (5 fishfjranddid
not increase signiéantly at higner spawning densitie$his result suggests that a trophic
capacity was reachdzbtween 0 and 5 fish/mSpawner biomass and densifffered
among rivers (898575,140 kg, 0.0R5.51fish/n?, respectively), and Rainbow Smelt had
the highest spawningdensity. Greater Rainbow Smelt spawning densitiesalidncrease
biofilm standing crops above a producttbreshold, spawning densities of the other
species werenuch lower than the lowest densities observed with saradtchanges in
biofilm communityabundance were similacross all §h species. Therefore, we can
assume thanhcreases in bidin standing stock are not solely dependsngpawner
density. Wipfl et al. (1999) found a similaegonse pattern of chlorophydland salmon
carcasgoadingover a 2mo period, but speculated that letegm effects (i.e., spaming
periods > 2 mo) would diér as aesult of systerspecifc storage capacity. Johnston et
al. (2004) found that chlorophyd concentration increasedth salmon carcass

abundancehut reached a maximuat 10< baseline levels. Increased N loading can
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saturatdotic systems when N loading is sustained (Bernotl2odds 2005). In our study
system, larger nutrient loal®m greater spawning populations appeared to exceed the
system®poductive capacity. An alternative explanationléhsty-dependent feedback.
As biofilm standing stock increasesthick layer of photosynthetically active algal cells
on the outside of the matrix can shade inner cells, theéiretiyng cell turnover and

growth (Guasch et al. 1995).

During the spawning period, bitfi was enriched if°N at downstream sites
relative to reference sites. Thissult suggests a strong relationship between autotrophic
and heterotrophic production and MDN inputs. Assimilatbmarinederived N in
these rivers redicts direcuptake of dissolved nutrients and sorption and subsequent
breakdown of marinéerived particles in theiofilm matrix (Bilby et al. 1996, Claeson
et al. 2006Verspoor et al. 2010, Harding et al. 20IMPN weredetected in the bidfn
immediately upon the start spawning, and the same general pattern of rapid isotopic
enrichment followed by a return to baseline valuesotserved in 4 of the 5 rivers
receiving MDN. Rocky Brookvas the exception, bute were unable to follow the full
temporal isotopic pattern because postspawning (wisderples were not available.

Diff erences in uptake by algéingal, anl bacterial components of biofilm are diffilt

to distinguish usig marinederived**C and™N because all groups incorporate the same
nutrient sourcavith the same isotopic signature rather than disc@teces, such as
allochthonous and autochthonous material, which haverdifj isotopic signatures
(Parkyn et al2005). Differential responses autotrophs and heterotroptesnutrient
subsidies may explain the variable isotpp¢terns observed in our study. Both groups

canincorporate dissolved nutrients, but autotrophs are unltketpnsume particulate
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marinederived matter directl{Fencheket al. 1998). For example, the similarities
between the temporal patterns of fungal abundancéhanthange i6*°N in the
Oromocto River could be the resaftbreakdown and incorporation of mariderived
particulate matter (scales and carcassesnenotissuedy fungi (the primary
decomposers between the 2 heterotroghotips).

Effect sizes for biofi groups an@'°N within andbetween our study rivers
receiving MDN were similar tthose observed for efttsof Pacific salmon on stream
biofilm (measured as chlorophydl) (Janetski et al. 2009%tffect sizes on algae were
comparable among study riveeceiving MDN where net algal accrual reached a
thresholdwith increased spawning density (Wil al. 1999)thereby limiting the effect
size of MDN on algae. Overalmean eféct sizes were similar between the algal and
fungalgroups, but effct sizes were much more variablefiangi. Spawning strategy
affects the amount of orgamaatter that is delivered/released into the water colimire
incorporated by the heterotrophic bilvfi groups A large amount of particulate organic
matter associatedith egg membranes is released upon larval emergdrimeadcast
spawning Rainbow Smelt. Spawning Alewitdease large amounts of organic matter in
the form of scales and carcasses during their upstream migratloathwater lakes.
Redd construction during Sea Lampeayd Atlantic &lmon spawning can displace and
resuspendediment, thereby increasing the amount of orgauaitter aailable in the
streamThe effect size 06'°N was greatest with MDN from spawning Atlantic Salmon.
Atlantic Salmon have a prolonged residence time in fnestier duringtheir spawning
period, so biofm is exposedo MDN from Atlantic Salmon for a much longer period

than MDN from other §hes. Thus, marirgerived N incorporatioman occur over an
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extended period of timeyhich maintains the mare3'°N signature in the bidfin
community longeand leads to a large meaneeff size.

The incubation time of the arttial substrates couldave been a potential source
of amongriver variation inpatterns of biofm standing stock. A-20 4wk incubation
period is suitable for bidfin colonization (Bernhardind Likens 2004). However,
although mature algal arhcterialcommunities can be accurately described afZ8-a
incubation period on natural substrates, 2 mo beageeded to reh a climax
community on artittial substrated_amberti and Resh 1985). A longer prespawning
biofilm incubation time might have reduceariation betweenivers. Variation in fbw
regimes between rivers alsdght explain the variation in community standing stock
because higher flows support lower biofistanding stockGhosh and Gaur 1998).
Grazing by macroinvertebratatso may have &fcted temporal patterns in bilfi
standingstock if nutrientenriched biofim attracted grazers thebnsumed the new
growth stimulated by MDN (Tank aridlodds 2003, Pag et al. 2005). If grazing
affected MDNdrivenbiofilm accrual, we would have expedtstandingtocks at
downstream sites to be similar to those at upstisatas, although bidin accrual might
have occurre@ven in the presence of grazers if botiopnstimulationby MDN
overwhelmed thgrazing eféct. Ourresults suggest that nutriesubsidies were more
likely than grazers to be respdoisi for the divergence in bidfn standing stock between
sites.

Biofilm standing stock did not increase abovhrashold level with increased
MDN loads, but standingtock remained above baseline ctiodis for up to 6 mafter

MDN inputs ceased, a pattern also observeBdlimore et al. (2014). Excess nutrients
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that are not incorporatedto the bioflm probably are sequesteredire sediment.
Petticrew et al. (2011) showed that Mk retained anstored in the substrate, and that
this storage lengthens the period of nutrient availability @ptdke to maintain high
productivity levels. A potentiahechanism to help explain why abundance levels
remainecklevated without continued MDN inputs is tim@bility of epilithic biofilm to
access excess nutrients stored insthiestrate unless the substrate is disturbed and
nutrientsare resuspended. Without direct access to stored MBdonal increasén
biofilm standing stock would be limitedyen in agas with large spawning populations.
However,substratestored nutrients would be available for microleap-mediated

trophic transfer and uptake, maintainingreased net abundance.

It is widely acceped that returning adult Paafsalmonncrease frehwater
productivity (e.g., Bilby et all996, Wipfi et al. 1999, Naiman et al. 2009). Resource
availability plays a primary role in stream dynamics, #redspatial and temporal
availability of resources can infencecommunity structure and ecosystemdtioning
(Nowlin et al. 2008). Our study illustrates the importaotseasonal MDN ingts from
multiple anadromousghspecies to biolin algae, fungi, and bacteria in Atlantigers.
MDN inputs result irconsiderable increases in biafistanding stdc. Nutrient
enrichment of autotrophiand heterotrophic groups may extend to higher troekiels
(Chaloner et al. 2007) via energy and nutrient trarsfenvertebrates and fish (Bilby et
al. 1996) or via thenicrobial loop for nutrients stored in teabstrate (Reand Petticrew
2010, Petticrew et al. 2011). A better understandirthe biological processes that
regulateMDN uptake and storage is needed to understand nusa&niation ad

production limits. We need to understahé degree to whickIDN drive productivity
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andthe mechanisms by which these nuttgeare incorporated into bibfi to increase

productivity and, ultimately, increasish production in Atlantic Canada.
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Table 2.1. Characteristics of study systems in New Brunswick and Nova Scotia, Canada. NS = no spawning occurred, NA = not

available, BS = broadcast spawner, NB = nest builder.

1974

Doctor’s Knoydart Indiantown Oromocto Cross Creek  Rocky Brook
Brook (Nova  Brook (Nova  Brook (New River (New (New (New
Variable Scotia) Scotia) Brunswick) Brunswick) Brunswick) Brunswick)
Location 45°47'N 45°42'N 46°49'N 45°51'N 46°15'N 46°36'N
62°07'W 62°14'W 65°47'W 66°28'W 66°38'W 66°37'W
Drainage area 25 24 70 2025 200 150
(km?®)
Mean canopy cover 65% 60% 50% 45% 55% 40%
Mean depth (m) 0.23 0.21 0.25 0.29 0.24 0.48
Mean width (m) 5.56 3.83 9.17 18.87 6.79 16.52
Mean discharge 0.47 0.40 1.62 3.77 0.98 4.17
(m’/s)
Primary Rainbow Rainbow Rainbow Alewife Sea Lamprey Atlantic
anadromous Smelt* Smelt Smelt Salmon

species
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Spawning strategy
Life-history type
Spawning period
Estimated biomass
of run in 2010
(kg WM)
Estimated spawner
density of run in

2010 (no./m?)

BS
Iteroparous

Early May
NS

NS

BS
Iteroparous

Early May
1875

5.41°

BS
Iteroparous

Early May
1219°

44.74°

BS
Iteroparous
Late May
575 140°

0.02°

NB
Semelparous

Early June
NA

0.08¢

NB
Iteroparous
Oct—Nov
896°

0.01°

* Rainbow Smelt historically spawned in Doctor’s Brook, but have not returned as of 2008

® Estimated from egg deposition (unpublished data; personal observation)

¢ Oromocto River Watershed Association Inc. (2014)

¢ Estimate based on observed spawning in 2 locations (unpublished data; personal observation)

° Reid (2010)



Table 2.2. Structure of mixed-model analyses of variance used to evaluate variation

in algal and fungal biomass and bacterial density.

Denominator of F-

Source of variation Effect type ratio
Barrier B; Fixed MSs3)
Site(barrier) Si(B;) Random MS,
Time T; Fixed MSs)r
Barrier x time BT} Fixed MSs)r
Site(barrier) x time Si(Bj)T; Random MS,
Residual ¢, Random
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Table 2.3. Results of the mixed-model analyses of variance evaluating variation in

up- and downstream biofilm algal, fungal, and bacterial standing stock. The F- and

p-values in the fungal group for factors time and site(barrier) x time are not

computable because there are 0 df for the residuals (the demoninator of the F-

ratios). The number of replicates/site is 1. Significant p-values are in bold.

Algae Fungi Bacteria
River Source of variation ~ df F p df F P df F p

Doctor’s Brook Barrier 1 0.23 0.65 1 1.18 0.42 1 3.14 0.14
Site(barrier) 5 1.92 031 5 432 0.06 5 1.53 0.27
Time 6 0.48  0.80 6 6 0.12 0.99
Barrier x time 5 182.52 <0.001 5 28747 <0.001 5 16446 <0.001
Site(barrier) x time 30  15.13 <0.001 30 30 308.07 <0.001
Residual 96 0 96

Knoydart Brook  Barrier 1 19.76  0.007 1 42.05 <0.001 1 37.62 <0.001
Site(barrier) 5 6.16  0.01 5 192 0.20 5 13.19 0.001
Time 8 098  0.54 8 8 0.07 0.99
Barrier x time 5 8324 <0.001 5 37742 <0.001 5 92.67 <0.001
Site(barrier) x time 40  0.89  0.66 40 40 6.78 <0.001
Residual 120 0 120

Indiantown Brook Barrier 1 8.99 0.03 1 8377 <0.001 1 9.08 0.03
Site(barrier) 5 298  0.11 5 3245 <0.001 5 8.59 0.01
Time 6 11.81 0.008 6 6 12.40  0.007
Barrier x time 5 13249 <0.001 5 763.69 <0.001 5 10638 <0.001
Site(barrier) x time 30  6.01 <0.001 30 30 0.74 <0.001
Residual 96 0 96

Oromocto River ~ Barrier 1 6.51 0.05 1 40.78  0.001 1 48.45 <0.001
Site(barrier) 5 11.98  0.002 5 1436  0.001 5 9.24  0.004
Time 8 338 098 8 8 0.23 0.97
Barrier x time 5 9181 <0.001 5 95738 <0.001 5 94.50 <0.001
Site(barrier) x time 40  2.34  <0.001 40 40 444 <0.001
Residual 120 0 120

Cross Creek Barrier 1 12.09  0.04 1 6799 0.003 1 7.84  0.07
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Rocky Brook

Site(barrier)

Time

Barrier x time
Site(barrier) X time
Residual

Barrier
Site(barrier)

Time

Barrier x time
Site(barrier) X time

Residual

3
6
3
18
64

—_

24
80

26.93
0.93
175.96
1.57

12.49
32.14
1.49
271.34
0.62

<0.001
0.57

<0.001
0.09

0.04
<0.001
0.40
<0.001
0.91

3
6
3
18

33.58

509.49

103.42

18.52

348.82

<0.001

<0.001

<0.001

0.001

<0.001

18
64

W oo W

80

7.19 0.02
1.86 0.32
78.19 <0.001
1.25 0.25
13.21  0.04
15.93  0.001
4.82 0.11
187.49 <0.001
1.73 0.04
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Table 2.4. Effect of marine-derived nutrients on accrual of algae (chlorophyll), fungal (ergosterol), bacteria, all groups

combined (overall) and stable-isotope enrichment of 5N. Response variables reported as mean effect size; values in

parentheses are upper and lower 95% confidence intervals.

River

Chlorophyll

Ergosterol

Bacteria

Overall

SN

Doctor's Brook
Knoydart Brook
Indiantown Brook
Oromocto River
Cross Creek
Rocky Brook

All Rivers

0.455 (0.073, 0.951)
0.687 (0.422, 0.999)
0.560 (0.379, 0.763)
0.630 (0.252, 0.901)
0.588 (0.485, 0.876)
0.475 (0.358, 0.649)

0.963 (0.478, 1.785)
0.310 (0.048, 0.598)
0.582 (0.065, 1.455)
0.441 (0.227, 0.568)
1.061 (0.720, 1.913)
0.474 (0.325, 0.858)

0.037(-0.075, 0.148) —0.206 ( ~0.444, 0.027) 0.133 (—0.581, 0.744)

2.010 (1.595,2.961)
1.465 (1.051, 2.185)
1.336 (0.828, 2.367)
1.041 (0.745, 1.687)
0.916(0.748, 1.400)
1.092 (0.949, 1.647)

1.033 (0.851, 1.777)
0.766 (0.560, 1.212)
0.790 (0.581, 1.381)
0.687(0.532, 1.043)
0.844 (0.707, 1.178)
1.522(0.945, 1.657)

—0.015 (-0.272,0.208) 0.135 (—0.275, 0.21(

1.098 (0.852, 1.769
1.140 (0.228, 5.368
1.604 (0.928, 4.490
1.693 (0.831, 3.331
3.170 (2.570, 3.653
1.213 (0.840, 1.776




Table 2.5. Mean (SD) §"C and 8"°N (%) isotope values for biofilm samples collected

from up- and downstream sites prior to anadromous fish spawning.

8°C (%o) 8N (%o)

Stream Upstream Downstream Upstream Downstream
Doctor’s Brook -27.15(0.73)  —28.30(0.41) 2.43 (0.58) 2.61 (0.48)
Knoydart Brook -27.30(2.53) -29.15(1.10) 3.47 (0.73) 3.95 (0.80)
Indiantown Brook -30.29 (0.34)  —30.25(0.48) 6.90 (0.30) 6.83 (0.21)
Oromocto Brook -27.15(1.26)  —-26.53 (0.55) 10.67 (1.25) 8.51(2.43)
Cross Creek -30.12 (1.06)  —29.31(0.93) 4.44 (0.45) 3.61 (0.63)
Rocky Brook -31.03 (1.14)  —28.49 (1.70) 4.09 (0.61) 4.31 (0.67)
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Table 2.6. Results of mixed-model analyses of variance in up- and downstream §'°N
stable-isotope values. The F-and p-values for factors time and site(barrier) x time
are not computable because there are 0 df for the residuals (the denominator of the

F-ratios). The number of replicates per site is 1.

8N
River Source of variation df F p

Doctor’s Brook Barrier 1 2.22 0.10
Site(Barrier) 5 1.20 0.48
Time 6
Barrier % time 5 134.66 <0.001
Site(barrier) x time 30
Residual 0

Knoydart Brook Barrier 1 70.83  <0.001
Site(barrier) 5 65.40  <0.001
Time 8
Barrier % time 5 189.79  <0.001
Site(barrier) x time 40
Residual 0

Indiantown Brook  Barrier 1 81.26  <0.001
Site(barrier) 5 62.13  <0.001
Time 6
Barrier % time 5 144.18 <0.001
Site(barrier) x Time 30
Residual 0

Oromocto River Barrier 1 100.06  <0.001
Site(Barrier) 5 83.32  <0.001
Time 8
Barrier % time 5 214.25 <0.001
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Cross Creek

Rocky Brook

Site(barrier) x time
Residual

Barrier
Site(Barrier)

Time

Barrier X Time
Site(barrier) x time
Residual

Barrier
Site(barrier)

Time

Barrier % time
Site(barrier) x time

Residual

23.69
17.21

63.32

107.51

31.36

364.76

0.009
0.02

<0.001

<0.001

0.002

<0.001
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Figure 2.1. Map of New Brunswick and Nova Scotia, Canada, showing the location of the 6 study system used for assessing

biofilm responses to marine-derived nutrient inputs from anadromous fishes.
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Figure 2.2. Mean (£1 SD) biofilm algal biomass (as chlorophyll) (A-F), fungal
biomass (G-L), and bacterial density (M-R) responses to marine-derived nutrients
from spawning anadromous fishes at upstream baseline and downstream treatment
sites in Doctor’s Brook (A, G, M), Knoydart Brook (B, H, N), Indiantown Brook (C,
I, O), Oromocto River (D, J, P), Cross Creek (E, K, Q), and Rocky Brook (F, L, R)
in New Brunswick and Nova Scotia. Shaded areas represent periods of anadromous
fish spawning (spawning did not occur in Doctor’s Brook). See Table 1.1 for
primary spawning fish species in each river. * indicates a statistically significant

difference (p < 0.05) between down- and upstream sites.

[Figure on following page]
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Figure 2.3. Mean (£1 SD) standardized 3'°N stable-isotope signatures of biofilm in
Doctor’s Brook (A), Knoydart Brook (B), Indiantown Brook (C), Oromocto River
(D), Cross Creek (E), and Rocky Brook (F). Changes in 5'°N are represented as the
difference between down- and upstream (baseline) response values (AS"N, Eq. 2).
Shaded areas represent periods of anadromous fish spawning (spawning did not
occur in Doctor’s Brook). See Table 1.1 for primary spawning fish species in each
river. * indicates a statistically significant difference (p < 0.05) between down- and

upstream sites.
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Figure 2.4. Net increase in algal biomass (as chlorophyll) (A), fungal biomass (B),
and bacterial density (C) as a function of Rainbow Smelt spawning density for 3
rivers in 2009-2010. Net increase over the entire sampling season was estimated as

the area between the up- and downstream curves.

[Figure on following page]

57



A)

Q)

ANE\__\EQQO_;O Br) aseasoul [ebje 10N

T T T T T T
< “ N b o b
o o o o o o

ANE\_o_Qwo@m Br) asealoul |ebuny 1N

4
N
<

[

=]
o
-—

108

T

)
o
—

(;Ww/s||e0 "ou) esealoUl [e1IB}0] JON

40 60 80

20
Smelt spawning density (no. fish/mz)

58



Chapter 3

Aquatic food web dynamics following incorporation of nutrients
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3.1 Abstract

Regardless of the spatial resolution or the pathway of incorporation, annual nutrient
pulses from spawning rainbow smelt (Osmerus mordax), alewife (Alosa
pseudoharengus), sea lamprey (Petromyzon marinus), and Atlantic salmon (Salmo salar)
lead to isotopic enrichment at all trophic levels (biofilm, 1.2-5.4%o; macroinvertebrates,
0.0-6.8%o; fish, 1.2-2.6%0). Community-wide niche space shifted toward the marine-
nutrient source, however the total ecological niche space did not always increase with
MDN inputs. The time-integrated marine-nutrient resource contribution to the diet of
Atlantic salmon parr and brook trout ranged between 33.1-47.0% during anadromous fish
spawning periods. The high degree of spatio-temporal heterogeneity in marine-nutrient
subsidies from anadromous fishes lead to both direct and indirect pathways of MDN
incorporation into stream food webs. This suggests that organisms at many trophic levels
derive a substantial proportion of their energy from marine resources when present. The
current trend of declining anadromous fish populations means fewer nutrient-rich marine
subsidies being delivered to rivers, diminishing the ability to sustain elevated riverine

productivity.

3.2 Introduction

Nutrient resource availability has a primary role in structuring freshwater food
web communities and driving stream ecosystem functions. Nutrient subsidies to lotic
systems are important because they provide an important energy source and are very
often capable of alleviating resource limitation to productivity (Polis et al., 1997). Many

aquatic ecosystems experience temporary periods of greatly increased nutrient resource
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availability. These nutrient pulses affect population dynamics at multiple trophic levels
by attenuating “bottom-up” constraints on productivity via increased resource supply to
freshwater food webs (Ostfeld & Keesing, 2000).

The migration of anadromous fishes delivers energy and nutrients of marine
origin into rivers. These marine-derived nutrients (MDNS5) of carbon, nitrogen and
phosphorous are assimilated in the ocean and subsequently delivered by spawning
anadromous fishes in the form of excretory metabolites, gametes, and carcass
decomposition (Bilby et al., 1996; Naiman et al., 2002; Samways et al., 2015). Marine-
derived nutrients are assimilated into freshwater food webs via two predominant
pathways: (i) indirect incorporation through the sorption and remineralization of
dissolved MDN into the biofilm and subsequent trophic transfer (Wipfli et al., 1999;
Guyette et al., 2014; Samways et al., 2015) or (ii) direct consumption of marine-derived
organic matter such as eggs and carcasses (Naiman et al., 2002). Tracing the pathways of
these MDNss through freshwater food webs is challenging because it requires an
understanding of the mode and timing of nutrient delivery.

Studies on Pacific salmon (Oncorhynchus spp.) have demonstrated the importance
of MDN’s for maintaining enhanced levels of stream productivity by increasing nutrient
availability (Naiman et al., 2002), whereby the loss of these MDNs may reduce stream
productivity (Stockner & Ashley, 2003). These beneficial effects have been observed at
multiple trophic levels including biofilm (Wipfli et al., 1998; Johnston et al., 2004;
Riiegg et al., 2012), macroinvertebrates (Wipfli et al., 1998, 1999; Chaloner ef al., 2004;

Lessard and Merrit, 2006; Lessard, 2009), and fish (Johnston et al., 1990; Wipfli et al.,
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2003, 2010). However, in some cases, disturbance from spawning Pacific salmon can
also decrease biofilm biomass (Moore & Schindler, 2008).

Marine-derived nutrients from anadromous fishes along the northwest Atlantic
coast play an important role in freshwater productivity (Durbin et al., 1979; Jonsson &
Jonsson, 2003; Nislow et al., 2004; Jardine et al., 2009; Nislow & Kynard; 2009; Walters
et al., 2009; Guyette et al., 2013), with many anadromous species spawning in the same
rivers (Garman & Macko, 1998), at least historically. The diverse life histories and
spawning modes of Atlantic anadromous fishes can potentially influence the relative
effects of MDNS5s from partial carcass loading, gametes, and excretory products on aquatic
ecosystems in a manner distinct from the Pacific northwest. In Atlantic rivers receiving
MDN:ss, the bottom-up transfer of energy and nutrients from biofilm to fish may be of
greater importance for maintaining production and ecosystem function than previously
thought (Kiffney et al., 2014). Species such as rainbow smelt (Osmerus mordax),
alewives (4losa pseudoharengus), sea lamprey (Petromyzon marinus), and Atlantic
salmon (Salmo salar), contribute significant MDN subsidies through the release of
gametes, excretory products, and partial carcass loading (Durbin ef al., 1979; Jonsson &
Jonsson, 2003; Nislow et al., 2004; Jardine et al., 2009; Nislow & Kynard; 2009; Walters
et al., 2009; Samways et al., 2015), in amounts comparable to those of Pacific salmon
(Parmenter & Lamarra, 1991; Jardine et al., 2005b, 2009).

Differences in timing and spawning mode displayed by Atlantic anadromous
species represent spatial and temporal heterogeneity in MDN subsidies across the
landscape. Iteroparous rainbow smelt spawn in early spring, laying demersal, adhesive

eggs in small streams and tributaries, often just above the head of tide (McKenzie, 1964;
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Chase, 2009). Alewives, also iteroparous, spawn in late spring in lakes and/or lentic
areas within rivers, where they deposit demersal, non-adhesive eggs (Mullen et al., 1986;
Mather et al., 2012). Sea lamprey, the only obligate semelparous species, spawn in early
summer where they construct nests in riffles to lay and bury their eggs (Scott & Scott,
1988). Atlantic salmon are iteroparous and spawn in late autumn in similar habitats as
sea lamprey (Bardonnet & Baglini¢re, 2000). Collectively these MDN inputs should be
measurable as variable ecological responses within freshwater communities and
potentially altering food web dynamics.

Stable isotope analysis of carbon (6"°C) and nitrogen (5"°N) is often used to study
marine-nutrient dynamics and trophic interactions (Bilby et al., 1996; Chaloner ef al.,
2002; Jardine et al. 2009; Reisinger et al., 2013; Weber & Brown, 2013). Marine
environments are typically enriched in the heavy isotopes of carbon (°C) and nitrogen
(°N), whereas freshwater systems are typically depleted (Kline ef al., 1990). Enriched
isotope ratios in anadromous fish relative to freshwater biota (Charles et al., 2004)
provide a means of tracing marine C and N through the food web, with temporal pulses
of isotopic enrichment indicating incorporation of MDNs by consumers. Stable isotope
mixing models provide an opportunity to identify a time-integrated assessment of the
contributions of MDNSs to a consumer’s diet (Phillips & Gregg, 2001).

The focus of our research was to evaluate how different timing and spawning
modes in anadromous fishes influence resource subsidization through indirect and direct
trophic pathways within food webs of Atlantic rivers. The objectives of this study were
to (i) determine how MDNs transported to five rivers by Atlantic salmon, alewife,

rainbow smelt, or sea lamprey affect short-term resource dynamics of lotic communities,
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and (i7) determine the relative contribution and temporal shifts of MDNss to the diet of
freshwater resident fishes (salmon parr and brook trout). We predicted that MDNs would
be incorporated into the tissues of freshwater organisms, however the pathway of
incorporation would differ depending on the anadromous species and the nature of the
spawning; primarily direct consumption in rivers with readily accessible eggs and
carcasses (e.g. Knoydart Brook with rainbow smelt) and indirect assimilation when
excretory products are the primary nutrient source (e.g. Oromocto River with alewife).
We also predicted that the tissue isotopic composition of resident stream fish would shift

to reflect a diet high in MDNs during the period of spawning by anadromous fish.

3.3 Methods

3.3.1 Site Descriptions

Five rivers in Atlantic Canada (New Brunswick and Nova Scotia) were chosen for
study in 2010 (see Samways et al. (2015) for map of study sites). Each river supported
anadromous fish populations and was selected to represent MDN transport primarily by
rainbow smelt (Knoydart Brook), alewife (Oromocto River), sea lamprey (Cross Creek),
or Atlantic salmon (Rocky Brook), although minor contributions by other anadromous
fishes may have been present in each river system (Samways et al., 2015). Doctor’s
Brook served as a reference system with no MDN inputs, although prior to 2009, rainbow
smelt commonly spawned in this river (Jardine et al., 2009).

Each river, including Doctor’s Brook, contained a natural barrier (e.g. impassable
waterfall) to upstream fish migration. Two sites a minimum of 5 km upstream of the

barrier (no anadromous fish) and three sites downstream of the barrier were selected as
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reference and treatment (marine-nutrient enriched) sites, respectively. Study sites were
located in riffle-type habitats with a mean flow of 0.49 m s (ranging from 0.05 to 1.62 m
s throughout the study period) and had a similar substrate composition of small cobble
to boulders. Stable isotope ratios in samples from the upstream sites, and all sites in
Doctor’s Brook, served as references (absence of marine-derived C and N) at two scales
of spatial resolution (within and between river systems) whereas isotope ratios in samples
collected in the treatment sites downstream of the barrier represented a mixture of marine
and freshwater sources. This upstream-downstream approach is commonly used to
evaluate the effects of MDNs (Wipfli et al., 1999; Chaloner et al., 2004; Mitchell &
Lamberti, 2005; Collins et al., 2011). Stream samples were collected at least three weeks
prior to any spawning (pre-spawn), as well as throughout the spawning and post-
spawning periods in both the upstream and downstream sites, following a Before-After-
Control-Impact (BACI) study design (e.g. Stewart-Oaten ef al., 1986; Mitchell &
Lamberti, 2005; Collins et al., 2011). Under the assumption that anadromous fish
spawning did not affect stream processes upstream of the barrier (Stewart-Oaten et al.,
1986), we compared stable isotope ratios from downstream sites to upstream sites to track

the level of enrichment or depletion due to MDN uptake.

3.3.2 Sample Collection and Processing

Samples of biofilm, benthic macroinvertebrates, and fish (n = 3-10 individuals per
taxonomic group, per sampling round) were collected for stable isotope analysis from
each site in each river from April to November 2010. Biofilm samples were collected

from the upper surface of three rocks, chosen haphazardly, by scraping until bare rock
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was exposed. Prior to stable isotope analysis, biofilm samples were centrifuged and then
manually cleaned to remove inorganic components. Benthic macroinvertebrates were
sampled using a D-frame kick-net, and identified to family. Specific macroinvertebrates
were selected for analysis according to their main functional feeding mode, specifically
scrapers (Ephemeroptera: Heptageniidae), predators (Plecoptera: Perlidae), filter-feeders
(Diptera: Simuliidae) and shredders (Plecoptera: Pteronarcyidae). Electrofishing was
used to collect fish (Atlantic salmon parr and brook trout (Salvelinus fontinalis); these
were anesthetized and an upper caudal fin clip was sampled for stable isotope analysis.
Fin tissue was selected because it can be collected non-lethally (Kelly et al., 2006) and it
correlates closely with muscle tissue (Jardine et al., 2005a, 2011). All samples were
placed on ice until they could be frozen at the lab. Prior to stable isotope analysis,
samples were oven-dried at 60°C for 48 hours, ground to a homogenous powder and
weighed into tin cups.

Stable isotope analysis of carbon and nitrogen was performed at the Stable Isotopes
in Nature Laboratory (SINLAB), Canadian Rivers Institute, University of New
Brunswick on a Costech 4010 elemental analyzer interfaced through a Conflo III to a
DeltaPlus XP continuous-flow mass spectrometer (Thermo Finnigan; Bremen, Germany).

Isotope values, reported in standard J-notation, were calculated by:

BD  8X = (Reampie/Rstandara) — 1

where, X represents the stable isotope of interest (i.e. °C or °N) and R is the ratio of
heavier to lighter isotope (>C/**C or ’N/'*N, respectively) in the sample and the
international standard. The isotope values are thus reported in parts per thousand (%o)

deviations from the international standard (Vienna Pee Dee Belemnite, VPDB, and
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atmospheric nitrogen, AIR, respectively). Calibrated in-house standards were analyzed
within each analytical run to normalize the isotope measurements. Analytical precision,
measured as the standard deviation of replicate standards, was better than +0.2 %o for

SN and 6°C. Duplicate determination of actual samples agreed to within +0.2 %o for
p p g

S5"N and 5C.

3.3.3 Data Analysis

Changes in isotopic composition through time were assessed to characterize
temporal dynamics of MDN incorporation into freshwater food webs, as turnover rates of
C and "°N are relatively fast, especially in benthic organisms of streams (Jardine ef al.,
2014). We assumed each food web component in treatment sites within a given river
would experience similar natural seasonal changes as those in reference sites. The
convex hull total area (TA) encompassing isotopic values for all community members
(biofilm, Heptageniidae, Perlidae, Simuliidae, Pteronarcyidae, and fish) provided an
indication of ecological niche space (Layman et al., 2007). We plotted the TA values for
both the upstream reference and downstream treatment sites for each river prior to
anadromous fish spawning and during the peak of spawning to represent the shift in the
food web as a result of MDNs. The TA values were calculated using the Stable Isotope
Bayesian Ellipses in R (SIBER) package (Jackson et al., 2011).

We measured stable isotope ratios in samples prior to anadromous fish spawning
and assumed these to represent initial ‘background’ conditions. To account for inherent
temporal variability and compare changes in stable isotope values between treatment and

reference sites, the difference between downstream and upstream response values was
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used. The standardized values representing seasonal patterns of change from reference
conditions were calculated as:

(3.2) ASX; = (86Xq; — 6Xa0) — (8Xy; — 6Xyo)

where AdX; is the change in the response value (i.e. abundance, s, 6P N) at time 7, OXy;
is the downstream response value at post-spawn time i, Xy is the downstream pre-spawn
response value, 6X,; is the upstream response value at post-spawn time i, 6X, is the
upstream pre-spawn response value.

We evaluated the effect of MDN incorporation upstream or downstream of a
spawning barrier with time using mixed-model ANOVAs. The ANOVA model included
the fixed factors Barrier (upstream or downstream), Date (sampling round), Organism
and the random factor Site (two or three replicates above or below the barrier, along the
length of the river). The appropriate denominators for F-ratios were determined
following Underwood (1997). Multiple comparisons of significant fixed sources of
variation were conducted using Tukey’s test. Bonferroni correction was applied to the p-
values to account for the error associated with multiple comparisons. Statistical tests
were performed using R along with the R package n/me (Pinherio ef al., 2012; R Core
Team, 2014).

The Bayesian stable-isotope mixing model (SIAR) was used to estimate the
reliance of resident salmonids (Atlantic salmon parr and brook trout) on marine-nutrient
resources using 8"°C and 8"°N values (Parnell et al., 2010; Parnell & Jackson, 2013).

The mean (£SD) 8"°C and 8"°N values of pteronarcyid (shredder) stoneflies from each

sampling period were used to define, isotopically, the freshwater resources. This taxon
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has a long developmental time and strict diet which makes it well suited as an isotopic
baseline for top predators (Jardine ef al., 2014) and unlike the other invertebrates
sampled, the Pteronarcyidae specimens did not incorporate MDNs (see results) which
would otherwise confound the mixing model. The mean (+SD) 8'°C and §"°N values of
eggs from the predominant anadromous fish species for each river were used as a proxy
to define the marine isotopic signal. We used trophic discrimination values of 0.4+1.3%o
for 8"°C and 3.4+1.0%o for 5'°N (Post, 2002). The models were run using Markov chain

Monte Carlo (MCMC) chains with 500,000 iterations and 50,000 of burn-in.
3.4 Results

3.4.1 Temporal Isotopic Enrichment

Stable isotope values for '"°C and 8'°N varied seasonally in both downstream
treatment and upstream reference sites (Appendix 3). In the downstream treatment sites
in all rivers receiving MDNs from spawning anadromous fishes, we detected a significant
enrichment of both °C and "N in samples during spawning and post-spawning periods
by anadromous fishes (relative to pre-spawning samples), in the biofilm,
macroinvertebrates (Heptageniidae scrapers, Perlidae predators, and Simuliidae filter-
feeders) and in resident salmonid fin tissues (all comparisons had an F-value > 8.197 and
a p-value(adj.) < 0.001); Pteronarcyidae shredders were the only group where a
significant isotopic enrichment was not detected. Isotopic enrichment coincided with
anadromous fish spawning, however the magnitude and duration of enrichment varied
between rivers.

As only juvenile fish were sampled, growth of new tissue is the main isotopic
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driver and anabolic processes help to assimilate the marine resources quickly, whereas
catabolic turnover is small and not as important here. This rapid isotopic turnover in fish
fin tissue was observed with rainbow smelt spawning in a river in Prince Edward Island,
Canada (Sean Landsman; personal communication). Additionally, Heady and Moore
(2012) also observed fin tissue turnover times in the order of three weeks in rainbow
trout, Oncorhynchus mykiss.

Community niche space did not change in Doctor’s Brook, with no MDN inputs,
between the pre-spawn and spawning sampling periods in either the upstream reference
or downstream treatment sites (Fig 1a). By contrast, in downstream treatment sites in all
rivers receiving MDNs, community niche space shifted between pre-spawn and spawning
sampling periods in the direction of the marine-nutrient subsidies, while in upstream
reference sites community niche space did not change (Fig 1 b-¢). In Knoydart Brook,
Cross Creek and Rocky Brook, the TA increased from 2-10 times from the pre-spawn
period (Fig 1b,d,e), whereas in the Oromocto River the TA decreased 3 times during the
spawning period (Fig 1c¢).

In Doctor’s Brook, with no MDN inputs, there were no significant changes in
8"°C values between the pre-spawn and post-spawn sampling periods for any organisms
sampled in either the upstream reference or downstream treatment sites (Fig 2a). In
Knoydart Brook, biofilm showed the greatest mean enrichment in °C (8.38 %o) of any
group in any river (Fig 2b). As with the biofilm, Heptageniidae also reached maximum
enrichment (5.70 %o) three weeks into the spawning period. In contrast, Simuliidae did
not reach maximum enrichment (4.26 %o) until after spawning occurred and rainbow

smelt larvae had hatched and migrated back to the marine environment. Perlidae and
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resident fish tissue reached maximum enrichment (3.73 and 3.62 %.; respectively) two
weeks into the spawning period, remaining elevated into June (Fig 3b). In the Oromocto
River, Heptageniidae (6.05 %), biofilm (5.33 %o), Simuliidae (5.03 %o), and Perlidae
(3.90 %o) all reached maximum "*C enrichment within two weeks of the spawning period
(Fig 2¢), with Simulliidae maintaining enrichment into June and Heptageniidae
remaining enriched into July Fish tissue did not reach maximum enrichment (2.64 %o)
until three weeks into the spawning period. In Cross Creek where early summer
spawning lamprey predominated, larval Simuliidae and fish tissue reached maximum'’C
values (4.22 and 4.17 %o; respectively) two weeks into the spawning period and remained
elevated into August (Fig 2d). Biofilm, Perlidae, and Heptageniidae also became
enriched two weeks into the spawning period (3.54, 2.71, and 2.53 %o; respectively), with
biofilm maintaining enrichment into July, while Perlidae and Heptageniidae declined to
baseline levels (Fig 2d). In Rocky Brook (autumn spawning salmon stream), groups did
not display maximum "*C enrichment until four to six weeks into the spawning period
(Fig 2e). Fish tissue became significantly enriched two weeks into the spawning period,
reaching maximum enrichment (1.81 %o) at the beginning of November and remaining
elevated after spawning had ceased. Simuliidae reached maximum enrichment after four
weeks (2.34 %o), whereas biofilm, Perlidae, and Heptageniidae (3.59, 3.12, and 2.47 %o;
respectively) reached maximum enrichment in mid-November, after the spawning period
(Fig 2e).

As with 8°C, there were no significant changes in 8'°N values in Doctor’s Brook
between the pre-spawn and post-spawn sampling periods for any organisms sampled in

either the upstream reference or downstream treatment sites (Fig 3a). In Knoydart Brook,
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the Simullidae showed the greatest mean enrichment in "N (6.71 %o) of any group in any
river, however maximum enrichment did not occur until after just after spawning (Fig
3b). In contrast, Perlidae, biofilm and Heptageniidae reached maximum enrichment
(4.27, 1.63 and 2.18 %o, respectively) two to three weeks into the rainbow smelt
spawning period. Knoydart Brook also had the greatest mean N enrichment for resident
fish compared to any other river (5.62 %o) and enrichment lasted until into July (Fig 3b).
In the Oromocto River, the biofilm, Heptageniidae, Perlidae, and Simuliidae all reached
maximum "N enrichment two weeks into the alewife spawning period (5.59, 4.81, 3.00,
2.22 %o; respectively) (Fig 3¢). The Heptageniidae in the Oromocto River had the
greatest sustained enrichment in any river, lasting into July, well after the spawning
period. Mean >N enrichment (2.37 %o) in fish in the Oromocto River did not occur until
three weeks into the spawning run (Fig 3c). In Cross Creek, all groups sampled (except
the shredders) had their highest level of '°N enrichment two weeks into the sea lamprey
spawning period, with the Perlidae having the greatest enrichment (4.76 %o), followed by
biofilm (2.49 %o), Simuliidae (2.29 %0), Heptageniidae (1.71 %o) and resident fish (1.11
%o0) (Fig 3d). In contrast, most of the groups sampled in Rocky Brook did not display
maximum "°N enrichment until four weeks into the Atlantic salmon spawning period (Fig
3e). Mean N enrichment was greatest for the resident fish compared to any other river
(4.56 %0), whereas enrichment for the biofilm (2.72 %o), Simuliidae (2.28 %o), Perlidae

(1.89 %0), and Heptageniidae (1.50 %o0) were much lower (Fig 3e).

3.4.2 Reliance on Marine-derived Nutrients

The SIAR mixing model results, based on Atlantic salmon parr and brook trout fin
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tissue 8"°C and 8'"°N isotope values, indicated a reliance on marine-nutrient subsidies
during anadromous fish spawning periods (Fig 4). Resident brook trout and salmon parr
derived a high percentage of their nutrients (overall mean = 39.9%; mean range: 33.1-
47.0%) from marine subsidies during the period of anadromous fish spawning. No
differences in modal MDN resource use estimates among were detected in Doctor’s
Brook (no MDN’s present); values ranged between 1.3% and 8.7%, with no significant
difference between sampling periods (95% credibility intervals, CI, between 0.0% and
14.8% for all sampling times) (Fig 4a). In Knoydart Brook, there was increased
assimilation of marine nutrients in May (modes range between: 22.3-41.2%) during
rainbow smelt spawning. Combined with the 95% CI for MDN use for each sampling
period during spawning (16.2-48.7%), these data indicated a reliance on marine-nutrient
subsidies by resident salmonids (Fig 4b). Resident fish in the Oromocto River also
displayed a reliance on MDN resources in May (mode: 38.1%; 95% CI 30.4-45.1%)
coinciding with alewife spawning and extending at least to the end of June (Fig 4c; mode:
22.9%; 95% CI 14.5-30.3%). Marine-nutrient resource use in Cross Creek occurred in
mid-June, at the beginning of the lamprey spawning period (mode: 33.1%; 95% CI 27.1-
37.9%) and was still evident by late July (Fig 4d). For Rocky Brook, the SIAR mixing
model indicated a reliance on marine-nutrient subsidies starting in late October (mode:
20.7%; 95% CI 15.4-26.6%), continuing into November (mode: 47.0%; 95% CI 34.4-
57.5%), and was still evident in mid-November as spawning ended and sampling was

discontinued (mode: 30.9%; 95% CI 25.3-35.5%) (Fig 4e).
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3.5 Discussion

Our data showed that MDNs were incorporated into all trophic levels across
streams with spawning Atlantic salmon, alewife, rainbow smelt, and sea lamprey.
Biofilm, macroinvertebrates, and resident salmonids were more enriched in *C and "°N
in downstream sites receiving MDN subsidies than in upstream reference sites during and
soon after spawning by anadromous fishes. Community-wide niche space shifted toward
the marine-nutrient source, however TA did not always increase with MDN inputs.
Community-wide metrics, such as TA, represent the extent of trophic diversity within
multiple, similarly comprised food webs, especially when examining temporal changes
and/or exposure to environmental gradients (Layman et al., 2007).

The magnitude and temporal patterns of isotopic enrichment differed amongst
rivers depending on the timing and spawning mode of the anadromous fish. In rivers
receiving MDNGs, peak 6'"°C and 0'°N were synchronous with the period of spawning, a
general pattern observed for all trophic groups, with the exception of the Pteronarcyidae
shredders for which there was no response to MDNs. The SIAR mixing model displayed
a strong pattern of reliance on MDN resources in the diet of resident top predators during
anadromous fish spawning periods. The contribution of MDNs to community food webs
is indicative of short-term resource use and reflects the opportunistic use of marine-
nutrient subsidies in various Atlantic rivers.

Overall, isotopic enrichment within each group was similar between rivers and
consistent with previous studies investigating the effects of MDNs from Pacific salmon
(Kline et al., 1990; Bilby et al., 1996; Wipfli et al., 1999; Chaloner et al., 2002; Reisinger

et al., 2013) and Atlantic anadromous fishes (Walters et al., 2009; Guyette et al., 2014;
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Samways ef al., 2015). Regardless of the species of anadromous fish present, spawning
mode, or time of year, MDNSs are readily incorporated into stream food webs. Only the
Pteronarcyidae shredders in our study streams showed no evidence of MDN uptake based
on isotopic enrichment, a result also observed in streams of the Pacific Northwest
(Claeson et al., 2006). Other studies, however, have demonstrated a 3.5-4.0%o
enrichment in the pteronarcyid group (Bilby et al., 1996; Walters et al., 2009; Guyette et
al.,2014). Given that all of our study rivers were in well forested areas with high leaf-
litter contribution and retention, the lack of MDN assimilation by shredder invertebrates
may be the result of sufficient allochthonous resources allowing shredders to concentrate
their feeding on leaf litter (Claeson et al., 2006). Such evidence of enrichment among
trophic levels and rivers provide insight into the importance of these anadromous species
to stream ecosystem function.

Our study also goes one step further, distinguishing how differences in
anadromous life history and spawning mode influence the predominant pathway of MDN
uptake. Anadromous fishes deliver dissolved MDNs through milt, ovarian fluid, and
excretory products, thereby elevating the dissolved nutrient pool and subsequently
stimulating in-stream production (Wipfli et al., 1998; Riiegg et al., 2012; Samways &
Cunjak, 2015). Biofilm incorporates these readily available dissolved nutrients as shown
by the relatively quick isotopic enrichment during the first three weeks of the spawning
period of spring and summer spawning anadromous fishes (smelt, alewife, lamprey).
However, the uptake by biofilm is much lower in Rocky Brook, the fall spawning stream,
likely a function of cold water temperatures slowing uptake. The predominance of this

bottom-up attenuation pathway relative to direct consumption depends on the availability
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of marine-derived material (primarily eggs and carcass tissues), which is associated with
the anadromous species present.

The availability and relative abundance of MDNs from rainbow smelt resulted in
the greatest increase in community niche space of any river. Rainbow smelt contribute
large amounts of MDNss and organic matter through excretory products, non-viable eggs,
shells from hatched eggs and limited carcass decomposition, which are incorporated
through direct consumption, and indirectly via breakdown and subsequent nutrient
release. Limited spawning habitat in Knoydart Brook (based on in-stream characteristics,
such as suitable substrate, flow, and amount of structure or barriers) resulted in smelt egg
deposition up to 122,677 eggs/100 cm? (Charest, 2010) and led to the highest spawning
density (5.41 individuals/m®) observed in any of the study rivers (Samways e al., 2015).
This, combined with the fact that smelt lay adhesive eggs ‘en masse’ on top of substrate,
provided MDNss in forms readily available for direct consumption by fish and predatory
invertebrates, as well as indirect pathways through uptake of dissolved nutrients by the
biofilm and subsequent trophic transfer. After a 20 day incubation period (McKenzie,
1964; personal observation), smelt larvae hatch and migrate back to the sea, mobilizing
large amounts of particulate marine-derived matter from the egg casings, consumed by
filter-feeders. This is likely a key pathway for trophic transfer of MDNSs to stream fish
and macroinvertebrate predators beyond the spawning period. Because of the demersal
nature of smelt spawning, biofilm is closely coupled to the mobilization of nutrients from
decomposing eggs, and the subsequent uptake of these nutrients (Wetzel, 1993), extends
biofilm enrichment beyond the spawning period. Isotope values remain elevated in the

predatory Perlidae and resident fishes likely through trophic transfer via indirect bottom-
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up processes.

Alewives contribute large quantities of MDNS to rivers through excretory
products and their large spawning biomass (Durbin ef al., 1979; Post & Walters, 2009;
West et al., 2010). Nutrients from excretory products (e.g. ammonia) are available for
immediate uptake by the biofilm (Vanni, 2002), unlike nutrient subsidies from eggs and
carcasses, which have to be mobilized before uptake. The sizeable quantity of excretory
products from the large spawning population in the Oromocto River (e.g. 575,140
alewives in 2010; (Oromocto River Watershed Association Inc., 2014)) resulted in
biofilm displaying the greatest increase in 5'"°C and 8'°N isotope values of any river. The
Heptageniidae scrapers in the Oromocto River had one the largest increases in isotopic
enrichment of any river through feeding on the greatly enriched biofilm, and the
influence persisted well past the spawning period. Alewives are predominantly lake
spawners, therefore nutrient subsidies to lotic portions of the river are primarily through
excretory products with limited opportunity for direct consumption (no eggs and partial
carcass loading). However passing obstacles such as rapids or falls can increase
mortality, making carcasses a more significant resource in these areas.

Being the only obligate semelparous species in our study, the pathway of
incorporation of MDNs from sea lamprey likely depends on carcass loading and retention
within the stream (Weaver et al., 2015). Post-spawning salmonid carcasses (in western
North America) are retained in streams or accumulate in slow moving areas through
downstream displacement (Williams et al., 2010). Although we did observe sea lamprey
spawning, we did not observe many carcasses remaining in the study areas; therefore we

deemed that carcass loading was not a major vector of marine subsidies in our rivers.
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Rather, direct consumption of isotopically enriched lamprey eggs was the predominant
pathway of MDN incorporation into the food web of Cross Creek. MDN’s likely found
their way into the diets of resident fish through the consumption of sea lamprey eggs and
invertebrate prey enriched through trophic transfer. This was reflected in the overall
increase in community niche space post-spawning, and the shift in isotopic space towards
the MDN source (i.e. sea lamprey eggs). Summer marks the period of slow growth for
both brook trout and Atlantic salmon parr (Carlson et al., 2007; Davidson et al., 2010; Xu
et al.,2010). The relatively low isotopic change in the resident salmonids was likely due
to reduced feeding rates (Carlson et al., 2007; Xu et al., 2010), leading to reduced tissue
formation and isotopic turnover. The persistence of MDNSs in the system post-spawn
may have been the result of prolonged nutrient loading from the breakdown of lamprey
carcasses retained in the stream.

Isotopic enrichment in the Rocky Brook fauna clearly demonstrated the flow of
MDNs between spawning Atlantic salmon, biofilm, macroinvertebrates and resident
stream salmonids. The energetically and nutrient rich salmon eggs offer a valuable
resource and salmonids are known to directly consume salmon eggs (Thomaz et al.,
1997; Cunjak & Therrien, 1998; Bently et al., 2012). The relatively fast "°N enrichment
of fin tissue of resident fishes during the period of salmon spawning suggests a direct
consumption of eggs. In Rocky Brook, the peak of Atlantic salmon spawning occurs in
late October, a period marked by a decline in stream productivity (Liboriusson &
Jeppesen, 2009), likely a function of rapidly declining water temperatures. However,
through the incorporation of MDN subsidies, biofilm biomass can actually increase

(Wipfli et al., 1998; Johnston et al., 2004; Walters et al., 2009; Samways ef al., 2015).
78



Such a response may explain the increase in isotope values in the biofilm and
subsequently, in the Heptageniidae scrapers that feed on biofilm components.

The Oromocto River and Knoydart Brook provide extreme examples of how
MDN’s and spawning mode combine to contract or expand niche space; respectively. A
marked reduction in niche width was also observed as a result of habitat fragmentation
(Layman et al. 2007) and differential habitat use (Quevedo et al. 2009). In this study, the
change in niche width appears to be associated with differential resource use/availability
rather than habitat related. In Knoydart Brook, the expansion of niche width was a
function of the increase in diversity of available resources, as represented by the
increased variation in 8'"°C and 8"°N values. Aquatic organisms were able to exploit the
various forms of MDNs available (e.g. dissolved, gametes, particulate) through rainbow
smelt spawning resulting in '"°C and 8'"°N values varying by as much as 8.2 and 7.4 %o,
respectively. In the Oromocto River, with alewives passing through on their way to
spawn in the headwater lake, the decrease in community niche space and shift to a marine
source was the result of trophic transfer through the consumption of organisms (e.g.
biofilm) capable of exploiting marine resources in the dissolved nutrient pool. This
resulted in a food web with 8"°C and 8'°N values only varying by as much as 3.3 and 4.2
%o, respectively, and within the assumed values of fractionation for trophic transfers (Post
2002, Layman et al., 2005). Historically, these and other anadromous species would
have spawned within the same rivers, resulting in temporally pulsed marine-nutrient
subsidies that were spatially distributed within river systems and released to consumers in
the recipient habitat(s). These sequential MDN pulses allow different consumers within

the system to respond and exploit the resources to enhance growth, which in turn may
79



have helped keep resources at an elevated level and increased production (Holt, 2008).
By studying each anadromous species separately, as in this study, a pattern became
obvious relating spatio-temporal uptake of MDNs in Atlantic river food webs. Due to
the high degree of spatio-temporal heterogeneity in the quantity and quality of marine-
nutrient subsidies among different anadromous fish species, with different spawning
modes, the importance of multiple nutrient pulses to rivers may be greater than
previously considered.

This study provides evidence that anadromous fishes are important vectors of
pulsed marine-nutrient subsidies to freshwater ecosystems. Determining how pulsed
marine nutrient subsidies permeate through food webs and influence ecosystem process
and function is a significant challenge in ecology (Ostfeld & Keesing, 2000). Identifying
the impacts of MDNSs on freshwater communities includes the evaluation of bottom-up
influences as well as integrating the timing, abundance and life history mode of
anadromous fishes into the mechanism of MDN incorporation and transfer. Stable
isotope analysis revealed that stream organisms were enriched in marine isotopes. As
well, there was evidence of community wide marine-resource assimilation, suggesting
organisms at multiple trophic levels derive a substantial proportion of their energy from
these pulses of marine resources. The patterns and processes of MDN incorporation and
transfer in streams are mediated by the spatial, temporal and life history characteristics of
the anadromous species delivering the pulsed resource subsidy (Polis et al., 1997; Bently
et al., 2012; Samways et al., 2015). Our findings also revealed shifts in energy flow
between indirect (bottom-up) and direct resource consumption, which would regulate the

relative contribution of marine resource use to the freshwater food web. Two pathways
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of MDN incorporation were identified: (1) direct consumption of marine-derived organic
matter by macroinvertebrates and fish, and (2) indirect consumption through uptake and
trophic transfer of dissolved nutrients. While MDNs delivered from some species greatly
enhance productivity via bottom-up trophic pathways (e.g. alewife), other anadromous
species promote the direct consumption of eggs and partial carcass loading (e.g. rainbow
smelt, sea lamprey, Atlantic salmon). The results indicated that both pathways were
involved in incorporating MDNs into stream food webs, a response also reported in other
studies (Bilby et al., 1996; Chaloner et al., 2002; Reisinger et al., 2013). It is difficult to
make definitive statements about the relative importance of individual pathways as it
depends both on the organism assimilating the marine-nutrients and the anadromous
species delivering the marine subsidy. The current trend of declining anadromous fish
populations means fewer nutrient-rich marine subsidies for stimulating trophic
production in these river systems. Consequently, decreased riverine productivity may be
self-perpetuating as fewer returning adults diminish the ability of a river to produce (and
sustain) subsequent generations (Bilby et al., 1996). This study provides insight into the
pathways by which MDNs are assimilated into freshwater food webs and therefore a
better understanding of how these nutrients can affect the long-term productivity of these
rivers. Restoration strategies focused on a single species may not be as effective as
including multiple anadromous species. Therefore, in order to maintain ecosystem
function and productivity, it is critical to include anadromous fishes (and the marine
subsidies they deliver) for effective ecosystem management and river restoration

strategies.

81



3.6 Acknowledgements

The authors greatly appreciate the extensive help and effort put forth by Aaron
Fraser, Michelle Charest, Emily Corey, Kabir Tosho, Sarah Lehnert, Catherine
Desjardins, and Crystal Lewis in the field. We also thank Anne McGeachy, Christine
Paton and Mireille Savoie for their help with the stable isotope analysis. Brian Hayden is

gratefully acknowledged for his help with the SIAR mixing models.

3.7 References

Anderson, W. B., Wait, D. A. & Stapp, P. (2008). Resources from another place and
time: responses to pulses in a spatially subsidized system. Ecology 89, 660-670.
Doi: 10.1890/07-0234.1

Bardonnet, A. & Baglini¢re, J.-L. (2000). Freshwater habitat of Atlantic salmon (Salmo
salar). Canadian Journal of Fisheries and Aquatic Sciences 57, 497-506. Doi:
10.1139/199-226.

Bently, K. T., Schindler, D. E., Armstrong, J. B., Zhang, R., Ruff, C. P. & Lisi, P. J.
(2012). Foraging and growth responses of stream-dwelling fishes to inter-annual
variation in a pulsed resource subsidy. Ecosphere 3, 113. DOI: 10.1890/ES12-
00231.1

Bilby, R. E., Fransen, B. R. & Bisson, P. A. (1996). Incorporation of nitrogen and carbon
from spawning coho salmon into the trophic system of small streams: Evidence
from stable isotopes. Canadian Journal of Fisheries and Aquatic Sciences 53,
164-173. Doi: 10.1139/195-159.

Carlson, S. M., Hendry, A. P. & Letcher, B. H. (2007). Growth rate differences between
resident native brook trout and non-native brown trout. Journal of Fish Biology
71, 1430-1447. doi:10.1111/5.1095-8649.2007.01615.x.

Chaloner, D. T., Lamberti, G. A., Merritt, R. W., Mitchell, N. L., Ostrom, P. H. & Wipfli,
M. S. (2004). Variation in responses to spawning Pacific salmon among three
south-eastern Alaska streams. Freshwater Biology 49, 587-599. DOLI:
10.1111/5.1365-2427.2004.01213.x.

Chaloner, D. T., Wipfli, M. S. & Caouette, J. P. (2002). Mass loss and macroinvertebrate
colonisation of Pacific salmon carcasses in south-eastern Alaskan streams.
Freshwater Biology 47, 263-273. DOI: 10.1046/j.1365-2427.2002.00804.x.

Charest, M.A. (2010). Estimation of rainbow smelt, Osmerus mordax, population in
Knoydart Brook and the incorporation of rainbow smelt egg nutrients into the
food web. Honours thesis, University of New Brunswick, Fredericton, Canada.

Charles, K., Roussel, J.-M. & Cunjak, R. A. (2004). Estimating the contribution of
sympatric anadromous and freshwater resident brown trout to juvenile production.
Marine and Freshwater Research 55, 185-191. DOI: 10.1071/MF03173.

82



Chase, B. C. (2009). The spawning habitat of anadromous rainbow smelt: trouble at the
tidal interface. In Challenges for diadromous fishes in a dynamic global
environment. (Haro, A. J., Smith, K. L., Rulifson, R. A., Moffitt, C. M., Klauda,
R. J., Dadswell, M. J., Cunjak, R. A., Cooper, J. E., Beal, K. L. & Avery, T. S.,
eds), pp. 859-862. American Fisheries Society, Symposium 69, Bethesda,
Maryland.

Claeson, S. M., Li, J. L., Compton, J. E. & Bisson, P. A. (2006). Response of nutrients,
biofilm, and benthic insects to salmon carcass addition. Canadian Journal of
Fisheries and Aquatic Sciences 63, 1230-1241. Doi: 10.1139/f06-029.

Collins, S. F., Moerke, A. H., Chaloner, D. T., Janetski, D. J. & Lamberti, G. A. (2011).
Response of dissolved nutrients and periphyton to spawning Pacific salmon in
three northern Michigan streams. Journal of the North American Benthological
Society 30, 831-839. DOI: 10.1899/10-164.1.

Cunjak, R. A. & Therrien, J. (1998). Inter-stage survival of wild juvenile Atlantic salmon,
Salmo salar L. Fisheries Management and Ecology 5, 209-224. DOI:
10.1046/j.1365-2400.1998.00094 .x.

Davidson, R. S., Letcher, B. H. & Nislow, K.H. (2010). Drivers of growth variation in
juvenile Atlantic salmon (Sa/mo salar): an elasticity analysis approach. Journal of
Animal Ecology 79, 1113-1121. DOI: 10.1111/j.1365-2656.2010.01708.x.

Durbin, A. G., Nixon, S. W. & Oviatt, C. A. (1979). Effects of the spawning migration of
the alewife, Alosa pseudoharengus, on freshwater ecosystems. Ecology 60, 8-17.
DOI: 10.2307/1936461.

Garman, G. C. & Macko, S. A. (1998). Contribution of marine-derived organic matter to
an Atlantic coast, freshwater, tidal stream by anadromous clupeid fishes. Journal
of the North American Benthological Society 17, 277-285. DOLI:
10.2307/1468331.

Guyette, M. Q., Loftin, C.S. & Zydlewski, J. (2013). Carcass analog addition enhances
juvenile Atlantic salmon (Sal/mo salar) growth and condition. Canadian Journal
of Fisheries and Aquatic Sciences 70, 860-870. Doi: 10.1139/cjfas-2012-0496.

Guyette, M. Q., Loftin, C. S., Zydlewski, J. & Cunjak, R. (2014). Carcass analogues
provide marine subsidies for macroinvertebrate and juvenile Atlantic salmon in
temperate oligotrophic streams. Freshwater Biology 59, 392-406. DOI:
10.1111/fwb.12272.

Heady, W. N. & Moore, J. W. (2012). Tissue turnover and stable isotope clocks to
quantify resource shifts in anadromous rainbow trout. Oecologia 172, 21-34.
DOI: 10.1007/s00442-012-2483-9.

Holt, R. D. (2008). Theoretical perspectives on resource pulses. Ecology 89, 671-681.
DOI: 10.1890/07-0348.1.

Jackson, A. L., Parnell, A. C., Inger, R. & Bearhop, S. (2011). Comparing isotopic niche
widths among and within communities: SIBER — Stable Isotope Bayesian Ellipses
in R. Journal of Animal Ecology 80, 595-602. DOI: 10.1111/j.1365-
2656.2011.01806.x.

Jardine, T. D., Cartwright, D. F., Dietrich, J. P. & Cunjak, R. A. (2005a) Resource use by
salmonids in riverine, lacustrine and marine environments: evidence from stable

83



isotope analysis. Environmental Biology of Fishes 73, 309-319. DOI:
10.1007/s10641-005-2259-8.

Jardine, T. D., Gray, M. A., McWilliam, S. M. & Cunjak, R. A. (2005b). Stable isotope
variability in tissues of temperate stream fishes. Transactions of the American
Fisheries Society 134, 1103-1110. DOI: 10.1577/T04-124.1.

Jardine, T. D., Hadwen, W. L., Hamilton, S. K., Hladyz, S., Mitrovic, S. M., Kidd, K. A.,
Tsoi, W. Y., Spears, M., Westhorpe, D. P., Fry, V. M., Sheldon, F. & Bunn, S. E.
(2014). Understanding and overcoming baseline isotopic variability in running
waters. River Research and Applications 30, 155-165. DOI: 10.1002/rra.2630.

Jardine, T. D., Hunt, R. J., Bradley, J., Pusey, B. J. & Bunn, S. E. (2011). A non-lethal
sampling method for stable carbon and nitrogen isotope studies of tropical fishes.
Marine and Freshwater Research 62, 83-90. doi; 10.1071/MF10211.

Jardine, T. D., Roussel, J.-M., Mitchell, S. C., & Cunjak, R. A. (2009). Pathways of
marine nutrient and organic matter entry from anadromous fishes into Atlantic
coast streams. In Challenges for diadromous fishes in a dynamic global
environment (Haro, A. J., Smith, K. L., Rulifson, R. A., Moffitt, C. M., Klauda, R.
J., Dadswell, M. J., Cunjak, R. A., Cooper, J. E., Beal, K. L. & Avery, T. S. eds),
pp. 427-445. American Fisheries Society, Symposium 69, Bethesda, Maryland.

Johnston, N. T., Maclsaac, E. A., Tschaplinski, P. J. & Hall, K. J. (2004). Effects of the
abundance of spawning sockeye salmon (Oncorhynchus nerka) on nutrients and
algal biomass in forested streams. Canadian Journal of Fisheries and Aquatic
Sciences 61, 384-403. Doi: 10.1139/f03-172.

Johnston, N. T., Perrin, C. J., Slaney, P. A. & Ward, B. R. (1990). Increased juvenile
salmonid growth by whole-river fertilization. Canadian Journal of Fisheries and
Aquatic Sciences 47, 862-872. Doi: 10.1139/190-099.

Jonsson, B. & Jonsson, N. (2003). Migratory Atlantic salmon as vectors for the transfer
of energy and nutrients between freshwater and marine environments. Freshwater
Biology 48, 21-27. DOI: 10.1046/j.1365-2427.2003.00964.x

Kelly, M. H., Hagar, W. G., Jardine, T. D. & Cunjak, R. A. (2006). Nonlethal sampling
of sunfish and slimy sculpin for stable isotope analysis: How scale and fin tissue
compare with muscle tissue. North American Journal of Fisheries Management
26, 921-925. DOI: 10.1577/M05-084.1.

Kiffney, P. M., Buhle, E. R., Naman, S. M., Pess, G. R. & Klett, R. S. (2014). Linking
resource availability and habitat structure to stream organisms: an experimental
and observational assessment. Ecosphere 5, 39. DOI: 10.1890/ES13-00269.1.

Kline, T. C., Goering, J. J., Mathisen, O. A., Poe, P. H. & Parker, P. L. (1990). Recycling
of elements transported upstream by runs of Pacific salmon: 1. d15N and d13C
evidence in Sashin Creek, southeastern Alaska. Canadian Journal of Fisheries
and Aquatic Sciences 47, 136-144. Doi: 10.1139/90-014.

Layman, C. A., Arrington, D. A., Montafia, C. G. & Post, D. M. (2007). Can stable
isotope ratios provide for community-wide measures of trophic structure?
Ecology 88, 42—-48. DOI: 10.1890/0012-9658 2007)88[42:CSIRPF]2.0.CO;2.

Layman, C.A., Winemiller, K.O., Arrington, D.A. & Jepsen, D.B. (2005). Body size and
trophic position in a diverse tropical food web. Ecology 86, 2530-2535. DOI:
10.1890/04-1098.

84



Lessard, J. L., Merritt, R. W. & Berg, M. B. (2009). Investigating the effect of marine-
derived nutrients from spawning salmon on macroinvertebrate secondary
production in southeast Alaskan streams. Journal of the North American
Benthological Society 28, 683-693. DOI: 10.1899/08-141.1.

Lessard, J. L. & Merritt, R. W. (2006). Influence of marine-derived nutrients from
spawning salmon on aquatic insect communities in southeast Alaskan streams.
Oikos 113, 334-343. DOI: 10.1111/5.2006.0030-1299.14512.x.

Liboriusson, L. & Jeppesen, E. (2009). Periphyton biomass, potential production and
respiration in a shallow lake during winter and spring. Hydrobiologia 632, 201-
210. DOI: 10.1007/s10750-009-9840-7.

Mather, M. E., Frank, H. J., Smith, J. M., Cormier, R. D., Muth, R. M. & Finn, J. T.
(2012). Assessing freshwater habitat of adult anadromous alewives using multiple
approaches. Marine and Coastal Fisheries 4, 188-200. DOI:
10.1080/19425120.2012.675980.

McKenzie, R. A. (1964). Smelt life history and fishery in the Miramichi River, New
Brunswick. Fisheries Research Board of Canada, St Andrews, NB Bulletin No.
144.

Mitchell, N. L. & Lamberti, G. A. (2005). Responses in dissolved nutrients and epilithon
abundance to spawning salmon in southeast Alaska streams. Limnology and
Oceanography 50, 217-227. DOI: 10.4319/10.2005.50.1.0217.

Moore, J. W. & Schindler, D. E. (2008). Biotic disturbance and benthic community
dynamics in salmon-bearing streams. Journal of Animal Ecology 77, 275-284.
DOI: 10.1111/1.1365-2656.2007.01336.x.

Mullen, D. M., Fay, C. W. & Moring, J. R. (1986). Species profiles: life histories and
environmental requirements of coastal fishes and invertebrates (North Atlantic) -
alewife/blueback herring. U.S. Fish and Wildlife Service, Biological Report 82,
11.58.

Naiman, R. J., Bilby, R. E., Schindler, D. E. & Helfield, J. M. (2002). Pacific salmon,
nutrients, and the dynamics of freshwater and riparian ecosystems. Ecosystems 5,
399-417. DOI: 10.1007/s10021-001-0083-3.

Nislow, K., Armstrong, J. & McKelvey, S. (2004). Phosphorus flux due to Atlantic
salmon (Salmo salar) in an oligotrophic upland stream: effects of management
and demography. Canadian Journal of Fisheries and Aquatic Sciences 61, 2401-
2410. Doi: 10.1139/f05-006.

Nislow, K. H. & Kynard, B. E. (2009). The role of anadromous sea lamprey in nutrient
and material transport between marine and freshwater environments. In
Challenges for diadromous fishes in a dynamic global environment (Haro, A. J.,
Smith, K. L., Rulifson, R. A., Moffitt, C. M., Klauda, R. J., Dadswell, M. J.,
Cunjak, R. A., Cooper, J. E., Beal, K. L. & Avery, T. S. eds), pp. 485-494.
American Fisheries Society, Symposium 69, Bethesda, Maryland.

Ostfeld, R. S. & Keesing, F. (2000). Pulsed resources and community dynamics of
consumers in terrestrial ecosystems. Trends in Ecology & Evolution 15, 232-237.

Parmenter, R. R. & Lamarra, V. A. (1991). Nutrient cycling in a freshwater marsh: the
decomposition of fish and waterfowl carrion. Limnology and Oceanography 36,
976-987. DOI: 10.4319/10.1991.36.5.0976.

85



Parnell, A. C., Inger, R., Bearhop, S. & Jackson, A. L. (2010). Source partitioning using
stable isotopes: coping with too much variation. PLOS One §, 1-5. doi:
10.1371/journal.pone.0009672.

Phillips, D. L. & Gregg, J. W. (2001). Uncertainty is source partitioning using stable
isotopes. Oecologia 127, 171-179. DOI: 10.1007/s004420000578.

Polis, G. A., Anderson, W. B. & Holt, R. D. (1997). Toward and integration of landscape
and food web ecology: The dynamics of spatially subsidized food webs. Annual
Review of Ecology and Systematics 28, 289-316. DOI:
10.1146/annurev.ecosys.28.1.289.

Post, D. M. & Walters, A. W. (2009). Nutrient excretion rates of anadromous alewives
during their spawning migration. Transactions of the American Fisheries Society
138, 264-268. DOI: 10.1577/T08-111.1.

Post, D. M. (2002). Using stable isotopes to estimate trophic position: models, methods,
and assumptions. Ecology 83, 703-718. DOI: 10.1890/0012-
9658(2002)083[0703:USITET]2.0.CO;2.

Quevedo, M., Svanbick, R. & EkIov,P. (2009). Intrapopulation niche partitioning in a
generalist predator limits food web connectivity. Ecology 90, 2263-2274. DOI:
10.1890/07-1580.1.

Reid J. Fisheries Management Program, 2010 Program Review. (2010). International
Paper Canada Holdings. Print Available: Rocky Brook Camp, P.O. Box 354,
Boiestown, New Brunswick E6A 2A2 Canada. (last accessed 15 June 2014).

Reisinger, A. J., Chaloner, D. T., Riiegg, J., Tiegs, S. D. & Lamberti, G. A. (2013).
Effects of spawning Pacific salmon on the isotopic composition of biota differ
among southeast Alaska streams. Freshwater Biology 58, 938-950. DOI:
10.1111/fwb.12098.

Riiegg, J., Chaloner, D. T., Levi, P. S., Tank, J. L., Tiegs, S. D. & Lamberti, G. A.
(2012). Environmental variability and the ecological effects of spawning Pacific
salmon on stream biofilm. Freshwater Biology 57, 129-142. DOI: 10.1111/j.1365-
2427.2011.02703.x.

Samways, K. M. & Cunjak, R. A. (2015). Increases in benthic community production and
metabolism in response to marine-derived nutrients from spawning Atlantic
salmon (Salmo salar). Freshwater Biology 60, 1647-1658. DOI:
10.1111/fwb.12597.

Samways, K. M., Quifiones-Rivera, Z. J., Leavitt, P. R. & Cunjak, R. A. (2015). Spatio-
temporal responses of algal, fungal and bacterial biofilm communities in Atlantic
rivers receiving marine-derived nutrient inputs. Freshwater Science 34, 881-896.
DOI: 10.1086/681723.

Scott, W. B. & Scott, M. G. (1988). Atlantic fishes of Canada. No. 219. University of
Toronto, Toronto: Canadian Bulletin of Fisheries and Aquatic Sciences.

Stewart-Oaten, A., Murdoch, W.W. & Parker, K. R. (1986) Environmental impact
assessment: “Pseudoreplication” in time? Ecology 67, 929-940. DOLI:
10.2307/1939815.

Stockner, J. G. & Ashley, K. I. (2003). Salmon nutrients: closing the circle. In Nutrients
in salmonid ecosystems: sustaining production and biodiversity (Stockner J. G.,
ed), pp. 3-15. American Fisheries Society, Symposium 34, Bethesda, MD.

86



Thomaz, D., Beall, E. & Burke, T. (1997). Alternative reproductive tactics in Atlantic
salmon: factors affecting mature parr success. Proceedings of the Royal Society B:
Biological Sciences 264, 219-226. DOI: 10.1098/rspb.1997.0031.

Underwood, A. J. (1997). Experiments in Ecology: their Logical Design and
Interpretation using Analysis of Variance. Cambridge, UK: Cambridge University
Press.

Vanni, M. J. (2002). Nutrient cycling by animals in freshwater ecosystems. Annual
Review of Ecology and Systematics 33, 341-370. DOL:
10.1146/annurev.ecolsys.33.010802.150519.

Walters, A. W., Barnes, R. T. & Post, D. M. (2009). Anadromous alewives (4losa
pseudoharengus) contribute marine-derived nutrients to coastal stream food webs.
Canadian Journal of Fisheries and Aquatic Sciences 66, 439-448. Doi:
10.1139/F09-008.

Weaver, D. M., Coghlan, S. M. Jr., Zydlewski, J. & Hogg, R. S. (2015). Decomposition
of sea lamprey Petromyzon marinus carcasses: temperature effects, nutrient
dynamics, and implications for stream food webs. Hydrobiologia 760, 57-67.
DOI: 10.1007/s10750-015-2302-5.

Weber, M. J. & Brown, M. L. (2013). Continuous, pulsed and disrupted nutrient subsidy
effects on ecosystem productivity, stability, and energy flow. Ecosphere 4, 27.
DOI: 10.1890/ES12-00354.1.

West, D. C., Walters, A. W., Gephard, S. & Post, D. M. (2010). Nutrient loading by
anadromous alewife (4/osa pseudoharengus): contemporary patterns and
predictions for restoration efforts. Canadian Journal of Fisheries and Aquatic
Sciences 67, 1211-1220. Doi: 10.1139/F10-059.

Wetzel, R. G. (1993). Microcommunities and microgradients: linking nutrient
regeneration, microbial mutualism, and high sustained aquatic primary
production. Netherlands Journal of Aquatic Ecology 27, 3-9.
doi:10.1007/BF02336924.

Williams, K. L., Griffiths, S. W., McKelvey, S. & Armstrong. (2010). Deposition of
Atlantic salmon Sa/mo salar carcasses in a Scottish upland catchment. Journal of
Fish Biology 77, 927-934. doi: 10.1111/5.1095-8649.2010.02725 .x.

Wipfli, M. S., Hudson, J. & Caouette, J. (1998). Influence of salmon carcasses on stream
productivity: response of biofilm and benthic macroinvertebrates in southeastern
Alaska, U.S.A. Canadian Journal of Fisheries and Aquatic Sciences 55, 1503-
1511. Doi; 10.1139/198-031.

Wipfli, M. S., Hudson, J. & Caouette, J. (2003). Marine subsidies in freshwater
ecosystems: salmon carcasses increase the growth rates of stream-resident
salmonids. Transactions of the American Fisheries Society 132, 371-381. DOI:
10.1577/1548-8659(2003)132<0371:MSIFES>2.0.CO;2.

Wipfli, M. S., Hudson, J. P., Caouette, J. P., Mitchell, N. L., Lessard, J. L., Heintz, R. A.
& Chaloner, D. T. (2010). Salmon carcasses increase stream productivity more
than inorganic fertilizer pellets: a test on multiple trophic levels in streamside
experimental channels. Transactions of the American Fisheries Society 139, 824—
839. DOI: 10.1577/T09-114.1.

87



Wipfli, M. S., Hudson, J. P., Chaloner, D. T. & Caouette, J. P. (1999). The influence of
salmon spawner densities on stream productivity in Southeast Alaska. Canadian
Journal of Fisheries and Aquatic Sciences 56, 1600-1611. Doi: 10.1139/f99-087.

Xu, C., Letcher, B. H. & Nislow, K. H. (2010). Context-specific influence of water
temperature on brook trout growth rates in the field. Freshwater Biology 55,
2253-2264. DOI: 10.1111/5.1365-2427.2010.02430.x.

3.7.1 Electronic References

Oromocto River Watershed Association Inc. (2014). Oromocto River Watershed
Gaspereau Study. Final Report. Prepared by Parish Geomorphic Ltd. and
Oromocto River Watershed Association Inc; Available
URL:http://www.oromoctowatershed.ca/wp-content/uploads/2014/05/Oromocto-
River-Watershed-Alewife-Study-Final.pdf. (last accessed 15 April 2017).

Parnell, A. & Jackson, A. (2013). siar: Stable Isotope Analysis in R. R package version
4.2.2. Available: https://cran.r-project.org/web/packages/siar/index.html. (last
accessed 15 April 2017).

Pinherio, J., Bates, D., DebRoy, S., Sarkar, D. & the R Development Core Team. (2012)
nlme: Linear and Nonlinear Mixed Effect Models. R package version 3.1-103.
Available: http://cran.r-project.org/package=nlme. (last accessed 8 October 2015).

R Core Team. (2014). R: A Language and Environment for Statistical Computing
[Internet]. R Foundation for Statistical Computing, Vienna, Austria. Available:
http://www.R-project.org/. (last accessed 8 October 2015).

88



Figure 3.1. Community-wide convex hull total areas (TA) are based on the
distribution of aquatic community groups isotope values in niche space for rivers
representing a) no anadromous fish (Doctor’s Brook), b) rainbow smelt (Knoydart
Brook), c) alewife (Oromocto River), d) sea lamprey (Cross Creek), and e) Atlantic
salmon (Rocky Brook). Convex hulls illustrate how community niche space shifts
from pre-spawn (light orange: downstream treatment; light blue: upstream
reference) to spawning periods (dark red: downstream treatment; dark blue:
upstream reference) in both treatment and reference sites. Black circles represent
the marine-derived nutrient subsidies for each river represented by the isotope

values of the corresponding anadromous fish eggs.
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Figure 3.2. Temporal AS"C changes between upstream reference and downstream
treatment sites from pre-spawning conditions in aquatic community groups for
rivers representing a) no anadromous fish (Doctor’s Brook), b) rainbow smelt
(Knoydart Brook), ¢) alewife (Oromocto River), d) sea lamprey (Cross Creek), and
e) Atlantic salmon (Rocky Brook). Mean A8"C (+ one standard deviation) values
for biofilm (red triangles), Heptageniidae scrapers (dark peach circles), Simuliidae
filter feeders (light beige diamonds), Perlidae predators (light grey squares), e)
Pteronarcyidae shredders (purple inverted triangles), and resident salmonids

(Atlantic salmon parr and brook trout) (black asterisk).
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Figure 3.3. Temporal AS"°N changes between upstream reference and downstream
treatment sites from pre-spawning conditions in aquatic community groups for
rivers representing a) no anadromous fish (Doctor’s Brook), b) rainbow smelt
(Knoydart Brook), ¢) alewife (Oromocto River), d) sea lamprey (Cross Creek), and
e) Atlantic salmon (Rocky Brook). Mean AS"°N (+ one standard deviation) values
for biofilm (red triangles), Heptageniidae scrapers (dark peach circles), Simuliidae
filter feeders (light beige diamonds), Perlidae predators (light grey squares), e)
Pteronarcyidae shredders (dark purple upside down triangles), and resident

salmonids (Atlantic salmon parr and brook trout) (black asterisk).
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Figure 3.4. Seasonal variation in the proportion of marine-derived nutrient
resources in fin tissue stable isotope ratios of resident salmonid fishes (Atlantic
salmon parr and brook trout), in a) Doctor’s Brook, b) Knoydart Brook, c)
Oromocto River, d) Cross Creek, and e) Rocky Brook. Gradations represent the
50%, 75%, and 95% credibility intervals. Shaded areas represent periods of
anadromous fish spawning (there was no spawning in Doctor’s Brook by

anadromous rainbow smelt).

[Figure on following page]

95



Proportion of Marine-derived Nutrients in Diet

1.0
0.8 —
0.6 —
04 —
0.2
0.0 —

a) Doctor’s Brook

1.0 -
0.8 —
0.6 —
04 —
0.2 —

0.0

b) Knoydart Brook

1.0
0.8 —
0.6 —
04 —
0.2 —
0.0

c) Oromocto River

=

I I I

1.0 A
0.8 —
0.6 —
0.4 —
0.2 -

0.0 -

d) Cross Creek

@Q%@

1.0 A
0.8 —
0.6 —
0.4 —

0.2 -

0.0 -

e) Rocky Brook

=

=
=t
=

Apr May Jun

I

Jul

96

I [ I | I

Aug Sep Oct Nov Dec




Chapter 4
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4.1 Summary

1. Atlantic salmon (Salmo salar) and other anadromous fishes represent a major vector
for transporting marine-derived nutrients (MDNSs) to Atlantic rivers. Marine-derived
nutrient subsidies may be key for maintaining ecological processes and ecosystem
function in river basins.

2. Stream channels and mesocosms designed to approximate natural river systems were
used to measure the response of stream productivity in two treatments, one with marine-
derived nutrients from spawning Atlantic salmon and one without marine-nutrient
subsidies (control). Biofilm biomass (measured as chlorophyll a) and benthic metabolism
(measured as the net change in dissolved oxygen) were evaluated from artificial substrata
encompassing pre-spawning, spawning and postspawning periods. We calculated marine-
nutrient contributions from spawning salmon using a simple empirical process model.

3. We found that biofilm accrual was significantly greater with MDN inputs, with
mesocosms having higher biomass (34.8 + 1.2 mg chl ¢ m™) and growth rates (0.071 +
0.002 mg m™ day™") than the stream channels (24.4 + 4.8 mg chl ¢ m>and 0.052 + 0.003
mg m~ day”, respectively). Both control mesocosms and stream channels had
significantly lower biomass (10.4 + 0.7 mg chl @ m™ and 6.3 + 2.5 mg chl a m™,
respectively) and growth rates (0.042 + 0.008 mg m™ day™' and 0.029 + 0.009 mg m™
day™', respectively) than treatment channels. Despite having a lower biofilm biomass,
stream channels yielded a significantly greater final gross primary production of

2343.5 mg C m™ day™'. The presence of MDNGs in the stream channels shifted biofilm
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metabolism from heterotrophy (P/R = 0.283) to autotrophy (P/R = 2.422) within 112
days.

4. Spawning Atlantic salmon contributed a total of 20.98 g m™ of nitrogen and 1.04 g m™
of phosphorous to each stream channel, through excretion and gametes alone. There was
a strong predictable positive relationship between the increase in productivity and the
amount of marine-derived nitrogen and phosphorous delivered.

5. This study highlights the importance of marine-derived nutrients from Atlantic salmon
for driving and maintaining freshwater productivity. Marine-nutrient subsidies relieve the
‘bottom-up’ constraints on stream productivity by facilitating the production of enough

energy to support the food web, lessoning the reliance on outside energy sources.

4.2 Introduction

Anadromous fish can be significant transporters of nutrients and energy to inland
waters. The spawning of anadromous fish delivers biological materials in the form of
excretory products, gametes and carcasses that are enriched in nutrients (e.g. nitrogen and
phosphorous) (Wipfli et al. 1999). Perhaps not as dramatic as the Pacific Northwest,
marine-derived nutrients (MDNSs) have been found to have widespread effects in Atlantic
rivers. Incorporation of MDNs has been observed at multiple trophic levels including
biofilm (Walters et al. 2009), zooplankton (Durbin et al. 1979), macroinvertebrates
(Jardine et al. 2009, Walters et al. 2009) and fish (Garman and Macko 1998, MacAvoy et
al. 2009). Although biofilm biomass responds positively to increases in spawner
abundance, productivity may plateau despite increasing nutrient inputs (Wipfli et al.

1999).
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Epilithic biofilm is the foundation of most stream food webs and is therefore the
basis for ‘bottom-up’ processes. Biofilms are the matrix of autotroph and heterotroph
communities growing on the surface of both organic and inorganic substrata in streams
and are the primary producers of stream benthos (Costerton et al. 1995). Nutrients,
primarily nitrogen and phosphorous, are often limiting in streams, and changes in nutrient
regimes should first affect the algae, fungi and bacteria communities in these systems.
Marine-derived nutrients delivered by spawning anadromous fishes may be key for
maintaining enhanced levels of stream productivity by increasing the availability of
limiting nutrients (Durbin et al. 1979, Jonsson and Jonsson 2003, Nislow et al. 2004),
thereby stimulating biofilm production (Wipfli et al. 1998). Excretory products provide
nutrients in forms that are immediately assimilable by biofilm (Vanni 2002), whereas
eggs and carcasses provide ‘slow-release’ nutrients (Parmenter and Lamarra 1991).
Atlantic anadromous fishes are generally iteroparous, and therefore, MDN inputs from
excretion, gamete release and partial carcass loading likely differ in their relative
importance to stream productivity compared with semelparous species, such as most
Pacific salmonids.

Direct measures of stream metabolism provide an integrative measure of
ecological processes and ecosystem function. Stream metabolism and biofilm abundance
can serve as indicators of ecosystem responses to anadromous fishes because both
metabolism and abundance respond to fluctuating nutrient regimes. Via uptake and
retention of nutrients (including MDNs) and conversion to organic matter (Sabater et al.
2002), biofilms contribute to the energy pool. Gross primary production (GPP) is a

measure of the total organic matter produced plus the amount of energy lost through
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respiration (R), and the GPP/R ratio (also expressed as P/R) is commonly used as an
index of stream production. Energy in stream ecosystems is either autochthonous (P/R >
1) or allochthonous (P/R < 1) in origin. Chlorophyll a (chl @) measurements are
commonly used as surrogate measures of primary productivity (Morin et al. 1999).
Together, GPP and biofilm biomass (measured as chl a abundance) can be used to predict
changes in stream productivity as a function of nutrient loading.

Establishing a direct cause-and-effect relationship between productivity changes
and MDN inputs remains elusive due to the dynamic properties of streams and fish
populations. The importance of MDNs from Atlantic salmon (Salmo salar) and other
anadromous fishes in determining freshwater productivity varies with species
distribution, community regulation and ecosystem and landscape processes (Wipfli et al.
1999). Although many studies have documented the effects of MDNs on productivity
(Wipfli et al. 1998, 1999, Naiman et al. 2002, Jonsson and Jonsson 2003, Walters et al.
2009), few studies quantify spawner nutrient loading and the processes that govern
ecosystem function (Johnston et al. 2004). By constructing empirical models of nutrient
contributions from spawning anadromous fishes, the effects of MDNs on stream
productivity can be assessed.

The goal of this study was to determine the effects of spawning Atlantic salmon
on stream productivity. We took a comparative experimental approach examining
productivity in stream channels with and without MDN inputs. Specifically, we examined
patterns of change in biofilm community metabolism in relation to MDN inputs: (i) in
stream channels with complete stream assemblages, including spawning Atlantic salmon,

and (ii) in adjacent mesocosms experiencing only dissolved nutrient inputs (no fish or
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macroinvertebrates present). We used direct measures of biofilm community metabolism,
measures of biofilm biomass and estimates of marine-nutrient loading to quantify
changes in productivity. We predicted that MDNs from excretion and gametes provided
by spawning Atlantic salmon would stimulate productivity, relieving the ‘bottom-up’

constraints on productivity currently found within nutrient-limited systems.
4.3 Methods

4.3.1 Study site

This study was conducted at the Mactaquac Biodiversity Facility, a federal Atlantic
salmon mitigation facility on the St. John River, New Brunswick, Canada, approximately
120 km from the river mouth. Experiments spanned from August 2011 to January 2012.
Daily mean water temperatures were 5.4 °C (minimum 0.4; maximum 14.8 °C),
calculated from hourly water temperature recordings in each tank using VEMCO Minilog

temperature data loggers (VEMCO, Bedford, NS, Canada).

4.3.2 Stream channels

Four, 121-square-metre conventional concrete Swede ponds were converted to
semi-natural, flow-through stream channels, supplied with continuous flow-through water
from the St. John River. A 1.30-m-high, hollow octagon was placed in the centre of each
pond (around the drain), to help direct flow with two drain screens located on the wall
furthest from the water input. The resulting stream channel was 3.1 m wide and 31 m
long (measured as circumference at mid-stream width) for a rearing area of 96.1 m®.

Substratum added to each stream channel consisted of a 25-cm base layer of small gravel
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(1.9-3.8 cm), with a 15-cm top layer consisting of a mixture of small, medium (3.8— 7.6
cm) and large (>7.6 cm) gravels. Large rocks (>20 cm) were added throughout the stream
channel to provide suitable refuge for parr. Substratum was sculpted into riffles, runs and
pools, which also helped to direct and amplify water velocities. The average water depth
was 45 cm, although depth ranged from 12 c¢m in the riffle to 60 cm in the pools,
providing a rearing volume of 39.15 m®. Water velocities ranged between 15 and 110 cm
s depending on the location in the stream (i.e. pool, riffle, run).

Stream channels were constructed to support realistic semi-natural stream
assemblages. Each stream channel was seeded with a representative macroinvertebrate
community that was collected from a nearby tributary, equal to 2x the stream channel
area, to supplement natural colonisation via drift. Biofilm growth in each stream channel
supported the diverse aquatic macroinvertebrate population that served as the natural
food source for salmon parr. Prior to the addition of parr, invertebrate densities in each
stream channel were evaluated to ensure a similar community composition and adequate
food supply. Wild Atlantic salmon parr were collected from the Tobique River, a
tributary of the St. John River, with 115 parr representing 0+ to 2+ age classes, stocked
into each stream channel. Artificial substrata were 4.5 by 4.5 cm slate tiles, pre-
conditioned to remove organics by combusting at 550 °C for 12 h in a muffle furnace.
Tiles were randomly placed and secured to the channel bed prior to the addition of adult
salmon allowing the biofilm to colonise the tiles under natural conditions. Biofilm
response measurements from each treatment channel were compared to corresponding
control channels.

Wild Atlantic salmon smolts were collected in May 2009 from the Campbell
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River, a tributary of the Tobique River, reared in the facility and fed a marine-based diet
(primarily herring) to produce mature adults after 2 years (Jones et al. 2010). Twenty-
four (12 male and 12 female) of these ‘wild-exposed’ adult Atlantic salmon were
introduced into each of two treatment stream channels on 7 October 2011, with spawning
occurring from 8 until 23 November. This stocking density is within the range of what is
observed in many spawning locations in rivers with self-sustaining populations. The
average size of introduced fish was 1.53 kg (range 0.99-2.16 kg) for the males and 2.49
kg (range 1.82-3.61 kg) for the females. Adults remained in the channels until 10
December, at which time they were removed to simulate post-spawning out-migration.
Hatching of eggs in the substratum was estimated to be 90% complete by 10 March 2012,

and emergence of fry began on 15 April 2012.

4.3.3 Mesocosms

In addition to the stream channels, eight mesocosms were used to assess the
effects of the dissolved MDN pool only on biofilm growth and primary production.
Partial flow-through mesocosms consisted of eight, 10-L polyethylene, open-top
cylinders; similar to those used by Pestana et al. (2009). Mesocosms were designed to
mimic the stream channels by encompassing a portion of the substratum (including
artificial substrata), while excluding invertebrates and salmon parr. Water from each
stream channel was pumped with a small centrifugal pump (March: LC-3CP-MD)
through a 243 Im mesh (to exclude invertebrates), into a manifold, which supplied two
replicate mesocosms. Current velocity inside the mesocosms was maintained at 7 cm s™,

the average current velocity within the stream channels. Mesocosm substrata consisted of
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biofilm-colonised rocks and artificial substrata, devoid of any invertebrates. Mesh covers
on each mesocosm were used to preclude aerial invertebrates from colonising as well as

to maintain similar light intensities reaching the substratum as in the stream channels.

4.3.4 Benthic metabolism

Samplings occurred between October 2011 and January 2012: prior to the adults
being introduced (6 October), during spawning (22 November), after spawning but prior
to removal (9 December) and twice after adults were removed (28 December and 25
January). At each sampling event, we randomly sampled two tiles from each pond and
one tile from each mesocosm for estimates of GPP. Benthic metabolism was assessed
from the net change in dissolved oxygen within a biological oxygen demand (BOD)
chamber (dimensions: 17 x 17 x 9 cm). Each BOD chamber was fitted with a dissolved
oxygen (DO) sensor (OxyGuard stationary probe, Point Four Systems Inc., Coquitlam,
BC, Canada) and a recirculating water pump to reduce biofilm boundary layer effects and
ensure adequate water flow across the oxygen sensor, resulting in a total volume of 1.775
L. DO probes were attached to a PT4 (Point Four Systems Inc.) multichannel data logger,
which recorded DO at 20-s intervals. Collected tiles were immediately placed into
separated BOD chambers, filled with water from the experimental pond of origin. BOD
chambers were incubated for approximately 2 h under light and dark conditions (1 h
each) in a temperature-controlled room under growth lamps to measure productivity and
respiration, respectively.

The two parameters directly measured by gas exchange were the net change in

DO in the light (daytime) (balance between photosynthesis and respiration) and the dark
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(night-time) representing community respiration. The mean DO change in the dark was
taken as the rate of community respiration per hour and multiplied by 24 for total daily
respiration (Ry4). This assumed that respiration rates were constant. Gross primary
production was calculated from the daylight DO production plus the DO consumed by
respiration during that period of time (respiration rate multiplied by daylight hours). Net
daily metabolism (NDM), calculated as the difference between GPP and Ry, is the net
DO change per day from biological activity. By subtracting R,4, any error associated with
the photoperiod respiration is removed (Bott 2006). The P/R ratio (GPP/R»4) was also
calculated and is an expression, in relative terms, of the balance between these metabolic
processes. Changes in DO measurements through time (mg O, "' h™") were converted to
units of carbon (mg C m™ h™") by multiplying by the chamber volume, dividing by
substratum surface area and, assuming that in both photosynthesis and respiration one
mole of C is equivalent to one mole of O,, multiplying by 12 mg C/32 mg O, (gram

equivalent weight of carbon/gram equivalent weight of oxygen).

4.3.5 Biofilm growth

Measurement of algal pigments from artificial substrata provides a measure of
biofilm accrual and growth rate. After benthic metabolism was measured, the biofilm
from the upper surface of each tile was scraped, until bare tile was exposed, and placed in
a collection vessel with water from which the tile was collected. Three replicate samples
of the biofilm material were filtered onto 1.2-Im glass fibre filters (Whatman GF/C),
stored in dark containers (to minimise pigment degradation) and frozen. Biofilm

pigments were extracted using a standard mixture of acetone:methanol (80 : 15 by
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volume) and filtered through a 0.22-Im lock-on syringe filter to remove any particulates.
Algal abundance was determined by quantifying concentrations of biofilm algal pigments

using a standard trichromatic protocol (Jeffrey and Humphrey 1975).

4.3.6 Marine-derived nutrient inputs

Due to logistical restraints at the Biodiversity Facility, the experiment concluded at the
end of January; however, we were able to monitor growth and survival of the offspring to
emergence. This allowed us to estimate the MDN inputs from the adult Atlantic salmon
using a mass balance approach adapted from Johnston et al. (2004). The predicted
amount of MDNs deposited by live spawners on the day of the #th observation is

NEx(t) + NEgg(t) + NMilt(t)

(41)  MDN(t) = -

where NEXx(?) is the nutrient contribution from the excretion by live spawners, NEgg(?) is
the nutrient contribution of the eggs, NMilt(t) is the nutrient contribution of the milt, and
T is the retention time of the water in the stream channel (1.55 h); calculated as the
discharge entering the stream channel from the inflow pipe, divided by the volume of
water in the tank. Carcasses were not included in this nutrient budget as any mortalities
were removed immediately to minimise the possible spread of infection within the
facility. As all introduced adults were accounted for and no mortalities were allowed to
remain, the net MDN inputs from the adult carcass mass were zero and therefore not
included in the nutrient budget.

Johnston et al. (2004) assumed a P excretion rate of zero based on non-feeding
Oncorhynchus spp.; however, this seemed inappropriate as breeding individuals undergo

dramatic physiological changes (Gende et al. 2002). During the spawning migration,
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Atlantic salmon spend extended periods (1-5 months) in fresh water without feeding.
Because excretion rates can decline when fish are not feeding (Vanni 2002), using
excretion rates measured over short time periods may not be appropriate. Instead,
we adopted the approach of comparing the weight to elemental composition of the fish
before and after spawning (Durbin et al. 1979). As metabolic rates of sockeye salmon
(Oncorhynchus nerka) during spawning increase 8% for females and 61% for males
(Brett 1995) and excretion rates are a function of metabolism and not feeding (Wood
1995), excretion rates used in our model were increased during this period accordingly.
The nutrient contribution from excretory products is
t

(42)  NEx(t) = Z Wtgp(t) ne

i=t,
where Wtgr(t) is the gonad-free wet weight of all individuals on day ¢, i is the nutrient
loss during spawning (35.1% of N and 22.7% of P lost, estimated from Jonsson et al.
1990 and Jonsson and Jonsson 2003), and ¢ be the nutrient content of an unspawned adult
(3% N and 0.47% P, Lyle and Elliott 1998).

The breakdown of gametes from spawning Atlantic salmon releases labile
nutrients into the water column. Nutrients released from milt enter the nutrient pool
directly upon spawning, whereas nutrients from eggs are released as the eggs die and
subsequently decompose. The number of live eggs at time ¢ is
(4.3) Egg(t+1) =Egg(t) + oR(t) —mEgg(t)

where Egg(?) is the amount of eggs in grams, g is the number of eggs per redd defined by

(4.4)

Fecundity
0= ( ) tegg

— X
Reddstotal
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where Fecundity, based on the work of Marshall and Penney (1983) on Atlantic salmon
in the St. John River, is
n
(4.5) Fecundity = z 6:06423+0.03605(fork length(i))
i=1

Redds a1 15 the average number of redds produced by spawning Atlantic salmon
in stream channels at the Mactaquac Biodiversity Facility (46 redds per stream channel,
K.M. Samways, unpubl. data), Wz, is the average weight of an egg from wild-exposed
Atlantic salmon from the Tobique River (0.202 g, unpubl. data), R(?) is the number of
new redds on day ¢ defined by
(4.6) R(t) = s(t)XRedds;ptq
where s(t) is the spawning rate of fish in stream channels (based on a Poisson distribution
with lambda (k) = 5.4532 of spawning activity within stream channels, K.M. Samways.,
unpubl. data), and mEgg is the egg mortality rate at time (t) (0.0122; estimated from egg
survival assuming a constant exponential mortality rate). Let the biomass of dead eggs Mt
be
(4.7) Mit+1)=0—-eYHOM(t) + mEgg(t)
where d is the decomposition rate (based on Garmin 1992); therefore, the release of
nutrients from dead eggs (NEgg) at time ¢ will be
(4.8) NEgg(t + 1) = de *M(t)
where @ is the quantity of nutrient per unit weight of egg (0.23 by wet weight for
nitrogen, Johnston et al. (2004), and 0.014 for phosphorous, Nislow et al. (2004), using

the average egg weight of 0.202 g). The contribution of milt to the nutrient pool is
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n
(49)  NMile(t) = (Z Wt, e (i)xGSImalexPropmalex,u> xs(t)

i=1
where Wt 1s the weight of the i male, GSI,4 1s the gonad-somatic index (0.0608,
Fleming et al. 2000), Propma. is the proportion of wet weight of testes lost

during spawning (0.68, Idler and Clemens 1959), and p is the quantity of nutrient per unit
weight of milt (0.20 for nitrogen and 0.012 for phosphorous based on the same

N:P ratio as eggs; see Johnston et al. 2004).

4.3.7 Changes in production

The rate at which production, as measured by algal abundance, changes with MDN inputs
was determined from the plot of the change in production with MDN inputs for both
stream channels and mesocosms. The change in production for a given time interval was
estimated, from the plot of algal biomass through time, as the area between the MDN and
control treatment productivity curves. Area was calculated as weighted average of algal
biomass for each sampling period using the trapezoid rule, see Samways et al. (2015) for
detailed description. This approach gave a single, time-integrated value of the change in

productivity relative to the control treatments.

4.3.8 Data analysis

We evaluated the effect, with or without MDN inputs, from Atlantic salmon spawning
and time on algal abundance, GPP and P/R from both stream channels and mesocosms
using mixed-model ANOVAs. For algal abundance, the replication unit was the replicate
samples (3 per site). Replicate samples for GPP were the number of tiles collected per

treatment, and therefore, the replication unit for this analysis was two. The ANOVA
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model included the fixed factors treatment (with or without Atlantic salmon spawning),
date (sampling round) and the random factor stream channel or mesocosm. The
appropriate denominators for F-ratios were determined following Underwood (1997).
Multiple comparisons of significant fixed sources of variation were conducted using

Tukey’s test.
4.4 Results

4.4.1 Biofilm growth

Biofilm biomass and accrual, expressed as chlorophyll a, was significantly greater
in treatments with (MDN treatment) than without (control treatment) Atlantic salmon
spawning for both stream channels and mesocosms (F2480 = 19.524, P < 0.0001 and F24 50
=24.312, P <0.0001, respectively) (Fig. 4.1). Mesocosms had, on average, 21.5 and
19.5% more biofilm than stream channels for both MDN (F450 = 58.712, P < 0.0001)
and control treatments (Fa480 = 55.035, P <0.0001), respectively. Biofilm biomass
increased steadily after spawning and was greatest at the end of the experiment (late
January) with mesocosms reaching 34.8 + 1.2 mg chl ¢ m™ and stream channels reaching
24.4 + 4.8 mg chl @ m™. Exponential growth rates of biofilm in mesocosms (Fig. 4.1b)
were 27% higher in the MDN treatments and 31% higher in the control treatments in
comparison with the stream channels (Fig. 4.1a). Exponential growth rate was highest
during the spawning period for both stream channels (0.052 + 0.003 mg m™ day™') and
mesocosms (0.071 + 0.002 mg m™ day™"), whereas in the control treatments peak
exponential growth rates did not occur until approximately 15 days later (0.034 + 0.002

mg m” day' for stream channels; 0.047 + 0.003 mg m™ day™' for mesocosms).
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4.4.2 Benthic metabolism

Seasonal trends of GPP showed significant increases in the metabolic response of
biofilm after the spawning period of Atlantic salmon (Fig. 4.2). Rates of GPP were
significantly greater in both stream channels and mesocosms receiving MDNs (Fa4 40 =
11.994, P <0.001 and Fa4 40 = 11.824, P < 0.001, respectively) (Fig. 4.2). Stream
channels with a final mean GPP of 2343.5 mg C m™ day™ was 29% greater than the GPP
in mesocosms (1146.9 mg C m m™ day™; Fas40 = 13.131, P < 0.022). There was no
significant difference in the GPP between stream channel and mesocosm control
treatments (Fa4 40 = 13.134, P = 0.978).

Stream channels and mesocosms with MDN inputs also had higher P/R ratios
(Fa24=3.816, P =0.015 and F424 =2.235, P = 0.045, respectively) than in the control
treatments, although the differences were not significant until the December sampling
period (Fig. 4.3). P/R ratios in stream channels were 20% greater than in mesocosms
(F16=163.497, P =0.001), while there were no significant differences in the P/R ratios
between the control treatments (F; s =2.039, P = 0.227). The P/R ratio showed the same
overall seasonal pattern as algal productivity in the stream channels, reaching a maximum
ratio value of 2.422 + (0.229, whereas the P/R ratio in the mesocosms reached a maximum

value of 1.353 + 0.137 by the end of December, remaining stable thereafter.

4.4.3 Marine-derived nutrient inputs

Spawning Atlantic salmon contributed considerable amounts of nutrients through
gametes and excretion (Fig 4.4). Stream channels received both particulate and dissolved

MDN additions, whereas the mesocosms only received dissolved nutrients. Adult salmon
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contributed a total of 2016 g of nitrogen (N) and 100 g of phosphorous (P) to each stream
channel between 7 October 2011 and 16 April 2012. Nitrogen and phosphorous from
excretory products entered the nutrient pool as soon as the adults were introduced to the
stream channels (Fig 4.4). Excretory products contributed 11% of the total marine-
derived nitrogen inputs (9.95 g N fish™) and 23% of the total marine-derive phosphorous
inputs (1.01 g P fish™). Eggs contributed 69% of the marine-derived phosphorous (6.27 g
P female™) and 56% of the marine-derived nitrogen (103.01 g N female™) inputs. Milt
provided 8% of the total marine-derived phosphorous (0.73 g P male™) and 33% of the

total marine-derived nitrogen inputs (59.46 g N male™).

4.4.4 Changes in production

Strong relationships were found between productivity and MDN inputs in both
stream channels and mesocosms. Over the range of marine-nutrient inputs from 0 to 1660
g nitrogen and 0 to 79 g phosphorous (the duration of the study), the productivity data
were best fitted using an exponential function for nitrogen (both stream channels and
mesocosms) and phosphorous (stream channels) and a linear model for phosphorous in
the mesocosm (Table 4.1). There was a strong positive relationship between the increase
in productivity and MDN inputs from nitrogen (Fig. 4.5) and phosphorous (Fig. 4.6). The
rate of change in algal productivity was 97.5% greater in the mesocosms, for both

nitrogen and phosphorous inputs, compared with the stream channels.

4.5 Discussion

This study tested the direct effects of MDN subsidies from spawning Atlantic

salmon on primary production. We found that biofilm accrual was greater with MDN
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inputs, and despite only being exposed to dissolved MDNs, mesocosms had higher
biomass and growth rates than the stream channels. Both stream channels and mesocosms
showed significant increases in GPP in response to MDNs. The presence of spawning
salmon in the stream channels switched biofilm metabolism from heterotrophy (P/R <
0.5) to autotrophy (P/R > 2). The marine-nutrient model shows that Atlantic salmon
subsidise spawning areas with substantial quantities of nutrients from excretion and
gametes alone. There was a predictable relationship between the increase in primary
productivity and the amount of marine nutrients delivered. These results show that MDNs
are an important driver of benthic processes.

Algal biomass increased with MDN inputs in both mesocosms and stream
channels, as in previous studies (Wipfli et al. 1999; Johnston et al. 2004). Algal biomass
was greater in mesocosms, which only received dissolved MDNs and excluded fish and
macroinvertebrates. Grazing by benthic macroinvertebrates can be very effective at
reducing algal standing crop (Elwood et al. 1981), and in the absence of these grazers,
algal accrual was able to proceed unimpeded in the mesocosms. Grazing, which did occur
in the stream channels, can also temporarily mask the response of algae to increases in
nutrient inputs by reducing standing crop (Elwood et al. 1981) and may also explain the
lag in algal biomass accrual in the stream channels. The lag in algal biomass abundance
also coincided with the spawning period. Redd construction during spawning can
significantly disturb the streambed and in the process displace and reduce the abundance
of benthic communities (Minakawa and Gara 1999; Moore and Schindler 2008). The
small artificial substrata, which were similar in size to the natural substratum, were

exposed to the same disturbances associated with the digging of redds, leading to the
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reduction in benthic production. Upon adult removal, streambed disturbance ceased;
therefore, the rate of biofilm growth increased rapidly.

Community structure and differential responses of autotrophic and heterotrophic
biofilm groups to nutrient subsidies may explain the differences in primary productivity
rates observed between the mesocosms and stream channels. Differences in productivity
rates may be attributable to differences in biofilm community composition. Stream
channels may have had a more balanced biofilm community (i.e. algal, fungal and
bacteria groups), whereas algae may have dominated the mesocosms. For example, by
the end of the experiment, there was an obvious proliferation of filamentous algae on the
substrata in the mesocosms; by contrast, there was a noticeable lack of filamentous algae
on stream channel substrata. Although all biofilm groups readily incorporate dissolved
nutrients, particulate marine matter is probably only consumed by heterotrophs (Fenchel
et al. 1998). A more balanced biofilm community in the stream channels would have
been able to access a larger nutrient pool (dissolved and particulate MDNSs), leading to
increased nutrient cycling and uptake rates resulting in the greater productivity rates
observed.

As GPP is a measure of productivity and therefore a rate of how much new
carbon is fixed, and algal abundance is a measure of production and therefore of standing
crop, the two are not necessarily linked at all times. GPP was significantly greater in both
stream channels and mesocosms with MDN inputs over controls by the end of the
experiment. After 64 days of MDN inputs, GPP rates did not differ between mesocosms
and stream channels; however, after 92 days, GPP was significantly greater in the stream

channels. A study by Holtgrieve and Schindler (2011) found that GPP declined by an
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order of magnitude during sockeye salmon spawning, but then increased after spawning.
GPP did not decrease or increase during Atlantic salmon spawning in our study, but did
increase significantly in the period after spawning. GPP has been shown to increase as
nutrient levels rise (Bernot et al. 2010). Even though mesocosms had a higher standing
crop, biofilm in the stream channels was metabolically more active, with increased
turnover rates, nutrient absorption, photosynthetic activity and reproduction (MclIntire
1973). The increase in GPP relative to ecosystem respiration in the stream channels
indicates a shift from the dependency on external energy inputs.

The P/R (productivity to respiration) ratio is a simple index of the relative
importance of energy supplied through in-stream photosynthesis (autotrophy) versus
energy derived from the breakdown and use of imported organic matter (heterotrophy).
When P/R > 1, the system is primarily supported by in-stream production and there is a
net addition of energy to the system; however, when respiration exceeds production, P/R
<1, the system relies on organic matter originating outside the stream (Allan and Castillo
2008). The stream channels shifted from being heterotrophic (P/R = 0.229) before adult
salmon were introduced, to being autotrophic (P/R = 2.422) by the end of the experiment.
Although the mesocosms receiving MDNSs had a significantly higher P/R ratio than the
control mesocosms, primary productivity did not increase enough to shift these systems
to autotrophy.

Marine-nutrient subsidies from excretory products, milt and egg decomposition
and mineralisation relieve the ‘bottom-up’ constraints on stream productivity by
producing enough energy to support the food web, lessening the reliance on outside

energy sources. Biofilm biomass, measured as chl a, GPP and P/R, increased
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continuously into the winter with MDN inputs. Biomass accrual (Francoeur et al. 1999)
and metabolism (Mclntire and Phinney 1965) are typically lowest in the winter. The
storage and release of nutrients from the substratum acts as a mechanism by which
nutrients are made available to primary producers over the winter (O’Keefe and Edwards
2002), which enables the biofilm to increase metabolic functioning and keep food-web
productivity high during an otherwise slow period of metabolism. Petticrew et al. (2011)
demonstrated that MDNs are retained and stored within the substratum, lengthening the
period of nutrient availability.

Biofilm in the stream channels would not have had direct access to marine
nutrients stored in the substratum. However, nutrients from decomposing eggs in the
substratum become available to biofilm through microbial loop-mediated mineralisation
and trophic transfer (Petticrew et al. 2011). Assuming that MDNSs from the
decomposition of eggs are highly labile and therefore rapidly exploited by the biofilm
community, little dissolved marine-nutrient matter would be exported from the
substratum. Increased availability due to close proximity of this nutrient source, coupled
with the slow release associated with decomposition, allowed for productivity rates to
increase in the stream channels rather than declining as in the mesocosms. Biofilm in the
mesocosms would not have been exposed to these dissolved nutrients until they were
mobilised into the water column. Marine-derived nutrients from Atlantic salmon may
facilitate shifts between alternate stable states that persist longer than the spawning
period.

The mass-balance model illustrates how different salmon products contribute to

the marine-nutrient pool. To understand the magnitude and direction of marine-nutrient
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flux, the process model should include MDNSs leaving the system via smolt emigration.
Within each stream channel, approximately 6205 fry emerged and were released. Fry to
smolt survival estimates for Atlantic salmon ranged from 1.8 to 11.5% depending on age
at smoltification (Cunjak & Therrien 1998). Using a 2.5% N and 0.45% P content for
Atlantic salmon smolts (Lyle and Elliott 1998) and an average mass of 27.19 g for smolts
from the stream channels, the amount of nutrients leaving the stream channels via smolt
emigration would have been between 77.44 and 494.76 g of N and 13.67 and 87.31 g of
P. Even at high survival rates, there would be more nutrients being imported than
exported. However, these mass-balance estimates do not include nutrient inputs from
carcass retention, and given the iteroparous life history of Atlantic salmon, probably a
minor factor in these rivers.

The inclusion of carcasses to the mass-balance model would result in a surplus of
marine nitrogen and phosphorous to the stream channel systems. Stream channels had, on
average, nine adult mortalities, which is consistent with spawning mortality estimates by
Chadwick et al. (1978). These carcasses would have resulted in 500 g of N and 78 g of P
being added to the nutrient pool. Therefore, the 2516 g of N and 123 g of P from
carcasses, excretion and gametes combined would have been greater than the total
nutrient export through smolt emigration. Studies by Lyle and Elliott (1998) and Jonsson
and Jonsson (2003) also found a positive net import of MDNs with Atlantic salmon
spawning. Nislow et al. (2004) found similar results of marine-nutrient loading, but only
when retention rates were greater than 20%; under certain mortality and return rates, they
predict a net export of MDNSs. The surplus of marine nutrients deposited by migratory

salmon throughout river systems may be required to maintain increased production,
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especially in areas where other nutrient sources are unavailable.

We derived a predictive model that demonstrates the effects of MDN inputs from
salmon spawning on increases in primary productivity in streams. Assimilation of MDNs
resulted in increased productivity, measured as the difference in chlorophyll a between
treatment and control stream channels. Johnston et al. (2004) showed a similar curvilinear
relationship between marine-nutrient inputs from sockeye salmon and algal abundance.
Although there is a clear relationship between MDN inputs and productivity, there is
probably a trophic capacity at which productivity no longer increases with continued
marine-nutrient inputs. These effects on production are not specific to Atlantic salmon as
a study on anadromous fishes demonstrated that biofilm biomass increased with rainbow
smelt (Osmerus mordax) spawning; however, it did not increase above a production
threshold, even with increased spawning density (Samways et al. 2015). On the west
coast of North America, algal abundance peaked approximately 75—125 days from the
beginning of the salmon carcass decomposition period, followed by a decline (Johnston
et al. 2004). Empirical models relating nutrients to algal abundance are often location
specific and therefore can be inadequate for general predictions (Bowman et al.

2007); however stream channels are representative of natural spawning rivers and not a
specific site or locality and therefore serve as a model system for assessing the effects of
MDNs from anadromous fishes.

The ecological response to marine-nutrient subsidies in a particular reach is a
function of net nutrients transferred by all anadromous species present. Historically in
Atlantic rivers, multiple anadromous species would have spawned in the same river (e.g.

rainbow smelt (Osmerus mordax), alewife (Alosa pseudoharengus), blueback herring
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(Alosa aestivalis), American shad (4losa sapidissima), sea lamprey (Petromyzon
marinus)) bringing with them MDN subsidies that differ in magnitude, timing, spawning
strategy and distribution. These sequential MDN pulses would have resulted in a large
marine-nutrient pool that would have been temporally very stable, allowing for increased
levels of productivity to be maintained. Our nutrient model provides insights into the
timing and magnitude of ecosystem responses from marine-nutrient inputs of a single
species. In turn, a multi-species model would encompass temporal ecosystem responses
from recurrent nutrient pulses.

Studies by Lyle and Elliott (1998), Jonsson and Jonsson (2003) and Nislow et al.
(2004) have quantified the potential nutrient loadings by Atlantic salmon. Our work has
expanded on these findings by demonstrating the influence that these marine nutrients
have on stream metabolism and the potential mechanisms and routes of nutrient and
material exchange. Marine-derived nutrients appear to be a significant nutrient
component of rivers with anadromous fishes, as they subsidise productivity to a level that
may not be maintained by local nutrient supply. Understanding the extent to which
MDN:ss increase productivity is very important especially in the light of increasing
concerns surrounding issues of nutrient loading and eutrophication. Marine-derived
nutrients should be part of river restoration and ecosystem management strategies to
rehabilitate freshwater habitats of anadromous fishes in order to maintain ecosystem

function and productivity.
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Table 4.1. Productivity — marine-nutrient models associated with Atlantic salmon

spawning at the Mactaquac Biodiversity Facility, New Brunswick, Canada.

Nitrogen Phosphorous
Treatment Model R® Model R®

Stream-channel P=1.09¢"2N) (982 P=1.44e%%" 0930
Mesocosm P=1.25¢%%"N " (971 P=1.78"%%D (894
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Figure 4.1. Biofilm accrual on artificial substrata, measured as chlorophyll a,
receiving marine-derived nutrients (MDNs) from spawning Atlantic salmon and
control treatments in: a) stream channels and b) mesocosms. Experimental system:
stream channels, circles; mesocosms, triangles. Treatments: MDN subsidies, shaded
symbols; controls, open symbols. Values with an * denote a statistically significant
difference (P < 0.05) between stream channels/mesocosms with MDN inputs and the
controls. Shaded areas denote the period of spawning (8—23 November 2011). Adults

were introduced into the stream channels on 7 October 2011 and removed on 10

December 2011.
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Figure 4.2. Seasonal patterns of gross primary production (GPP) of biofilm on

artificial substrata receiving marine-derived nutrients (MDNSs) from spawning

Atlantic salmon and control treatments in: a) stream channels and b) mesocosms.

See Fig. 4.1 for explanation of symbols.
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Figure 4.3. Seasonal patterns of the P/R ratio of biofilm on artificial substrata

receiving marine-derived nutrients (MDNs) from spawning Atlantic salmon and

control treatments in: a) stream channels and b) mesocosms. See Fig. 4.1 for

explanation of symbols.
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Figure 4.4. Accumulation of marine-derived nitrogen (solid line) and phosphorous
(dashed line) inputs from 22 Atlantic salmon spawning in stream channels at the

Mactaquac Biodiversity Facility, New Brunswick, Canada.
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Figure 4.5. Increase in algal productivity (chlorophyll mg m™) as a function of
marine-derived nitrogen inputs from spawning Atlantic salmon in: a) stream
channels and b) mesocosms. Marine-derived nitrogen inputs are from adult Atlantic
salmon spawning in stream channels at the Mactaquac Biodiversity Facility, New

Brunswick, Canada.
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Figure 4.6. Increase in algal productivity (chlorophyll mg m™) as a function of
marine-derived phosphorous inputs from spawning Atlantic salmon in: a) stream
channels and b) mesocosms. Marine-derived phosphorous inputs are from the same

source as noted in Figure 4.5.
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5.1 Abstract

Returning Atlantic salmon subsidize rivers with marine-derived nutrients (MDNSs),
potentially altering food web dynamics, shifting to reliance on marine-derived resources.
Stream-channels designed to simulate natural river systems, one with marine-derived
nutrients from spawning Atlantic salmon (Sa/mo salar) and one without marine-nutrient
subsidies (control), were used to determine if fatty acids delivered by spawning Atlantic
salmon are incorporated by freshwater biota. Changes in fatty acid profiles between
stream-channels with and without MDN inputs for biofilm, macroinvertebrates and
Atlantic salmon parr were used to characterize temporal dynamics of MDN incorporation
during pre-spawning, spawning and postspawning periods. There were no differences
between control and treatment stream-channels prior to the addition of Atlantic salmon.
Spawning Atlantic salmon had a positive effect on total lipid content in all trophic levels
(biofilm, 4.33%; macroinvertebrates, 7.54%; salmon parr, 2.59%)), relative to controls.
Fatty acid profiles between the MDN treatment and control stream-channels were similar
for each biotic group prior to the introduction of adult Atlantic salmon; however,
following adult salmon introductions, the fatty acid profiles of the biofilm, invertebrates
and salmon parr differed by as much as 36.7, 30.3, and 22.9%, respectively between the
MDN treatment stream-channels and the controls. Fatty acid profiles of the invertebrates
and salmon parr from the MDN treatment stream-channels tracked the fatty acid profile
of the salmon eggs. Proportions of DHA and EPA varied with diet in a predictable
manner related to dietary fatty acid proportions. These responses demonstrate a change
in the food web structure resulting from the establishment of this new, marine-based,

basal resource. The positive effects of MDNs increasing freshwater productivity are
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complimented by marine-based lipids that represent surplus energy and an increase in the
quality of resources, thereby contributing to the diversity and health of freshwater

ecosystems.

5.2 Introduction

Anadromous fish can be important vectors of pulsed nutrients and energy to
freshwater ecosystems. Fish returning from the ocean to spawn subsidize rivers with
marine-derived nutrients (MDNs) (i.e. nitrogen and phosphorous) through the excretion
of metabolites, gamete release, and carcass decomposition (Bilby et al. 1996, Wipfli et al.
1999). The effects of these marine-nutrient subsidies on freshwater food webs are well
documented in the Pacific Northwest, with MDN’s increasing biofilm productivity (Levi
et al. 2013) and biomass (Wipfli et al. 1998, Johnston et al. 2004, Riiegg et al. 2012),
macroinvertebrate abundance and biomass (Wipfli et al. 1998, 1999 Chaloner et al. 2004,
Lessard and Merritt 2006, Lessard et al. 2009), and juvenile salmon abundance (Chaloner
et al. 2002, Wipfli et al. 2010) and growth (Johnston et al. 1990, Wipfli et al. 2003).
Whereas Pacific salmonids are semelparous, Atlantic anadromous fishes are generally
iteroparous so carcasses are less likely to be a significant source of marine-nutrients
making MDN inputs from excretion and gamete release relatively more important to food
web processes. Nevertheless, several studies have demonstrated the importance of
MDNs from Atlantic anadromous fishes to freshwater ecosystems (Durbin et al. 1979,
Jonsson and Jonsson 2003, Nislow et al. 2004, Jardine et al. 2009, Nislow and Kynard
2009, Walters et al. 2009, Guyette et al. 2013, 2014, Samways and Cunjak 2015,

Samways et al. 2015).
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Freshwater consumers can derive a substantial proportion of their energy from
marine resources when present, and may therefore maintain stream productivity. Marine-
derived nutrient subsidies facilitate the production of enough in-stream energy to support
food web processes, thereby relieving the bottom-up constraints on stream productivity
(Ostfeld and Keesing 2000, Samways and Cunjak 2015). Dissolved MDNs provide
energy to consumers through uptake by the biofilm (a complex community of algae,
fungi, and bacteria within a self-excreted polysaccharide matrix) and subsequent trophic
transfer (Wipfli et al. 1999, Guyette et al. 2014, Samways et al. 2015). However, the
availability of nutrient rich eggs and partial carcass loading can lead to shifts in the
energy flow from indirect consumption to direct consumption of marine-derived organic
matter by macroinvertebrates and fish (Naiman et al. 2002).

Stable isotopes of carbon (5"°C) and nitrogen (8"°N) are effective biomarkers for
identifying marine sources consumed by stream organisms (e.g. Bilby et al. 1996, Garman
and Macko 1998, Chaloner et al. 2002, Jardine et al. 2009, Reisinger et al. 2013). The use
of stable isotope mixing models (e.g. SIAR — Stable Isotope Analysis in R) can increase
the understanding of the importance of MDNs by identifying their relative contributions
to a consumer’s diet (Phillips and Gregg 2001). Changes in stable isotope ratios can
identify protein synthesis and the metabolic breakdown of lipids (Doucett et al. 1999),
but they provide limited direct information about the nutritional state of organisms.
Methods such as lipid and fatty acid analysis can help identify the ecophysiological
importance of MDNs.

Lipids are among the most important organic compounds that affect the health

and fitness of aquatic organisms. They improve the nutritional status of aquatic food
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webs by supporting the physiological development and health of organisms (Miiller-
Navarra et al. 2000, Kainz and Fisk 2009). In addition to increasing freshwater
production, MDN subsidies can also increase the quality of food resources by increasing
energy stores in constituents of aquatic ecosystems. Therefore, lipid stores represent
surplus energy and a measure of nutritional condition (Fraser 1989). Fatty acids (FAs) are
a group of compounds that comprise the majority of lipids found in all organisms.
Similar to stable isotope analysis, when sources have distinct fatty acid compositions,
fatty acid profiles can be used to characterize resources consumed by freshwater biota
(Heintz et al. 2004) and characterize freshwater and marine food webs (Henderson and
Tocher 1987). This is possible because, unlike other dietary nutrients, fatty acids are not
generally degraded and retain their basic form in consumer tissues (Budge et al. 2006).
Many of these fatty acids are essential for key regulatory roles including membrane
structure and function (Bell et al. 1996), brain (Brodtkorb et al. 1997) and gonad
development (Pickova et al. 1999), and salmonid parr-smolt transformation (Bell et al.
1997). Fatty acids cannot be synthesized by freshwater organisms at sufficient rates to
meet their basic biochemical requirements; therefore, they must be supplied through diet.
Returning Atlantic salmon provide many of these essential fatty acids, such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), to freshwater ecosystems
through gamete release and carcass deposition.

As part of a larger study using semi-natural stream channels to investigate the
effects of MDNSs from spawning Atlantic salmon, the focus of this research was to
investigate whether Atlantic salmon are a significant source of marine fatty acids to

freshwater food webs. Understanding trophic-specific differences with respect to
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incorporating and/or processing dietary lipids, particularly from Atlantic anadromous
species has not been directly demonstrated. This is particularly important in the context
of nutrient dynamics in Atlantic rivers given the iteroparous life history and relatively
limited biomass contributions from Atlantic salmon (relative to their Pacific
counterparts).

The objectives of this study were to (1) determine if fatty acids delivered to rivers
and streams by spawning Atlantic salmon are incorporated by freshwater biota, (2)
examine how exposure to marine subsidies relates to lipid content and fatty acid profiles
of consumers, and (3) determine if food web structure changes with a new, marine-based,
basal resource. We hypothesized that access to marine subsidies would lead to increased
lipid stores in consumers through direct consumption of eggs rather than via indirect
consumption and trophic transfer because dissolved nutrients are not likely to contain

fatty acids.

5.3 Methods

5.3.1 Study Site

This study was conducted between August 2011 and January 2012 at the
Mactaquac Biodiversity Facility (45°57'31.36"N, 66°50'38.72"W), an Atlantic salmon
mitigation facility on the St. John River (SJR) operated by Fisheries and Oceans Canada.
It is located approximately 120 km from the river mouth, near the city of Fredericton,

New Brunswick, Canada.
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5.3.2 Stream-channels

Four, 121 m? conventional concrete Swede ponds were converted to semi-natural,
flow-through stream-channels, supplied with continuous flow-through water from the
SJR (Figure 5.1). To direct flow and establish a stream-channel a 1.30 m high, hollow
octagon with drainage screens was placed in the centre of each pond. These stream-
channels were 3.1 m wide and 31 m long (measured as circumference at mid-stream
width) resulting in a rearing area of 96.1 m*. Substrate, which was sculpted to produce
natural stream features of riffles, runs, and pools, consisted of 25 cm base layer of small
gravel (1.9 — 3.8 cm), with a 15c¢m top layer consisting of a mixture of small, medium
(3.8= 7.6 cm), and large (>7.6 cm) gravels. Large rocks (>20 cm) were added throughout
the stream channel to provide suitable refuge for juvenile salmon (parr). These features
also helped to direct and amplify water velocities. All stream channels were constructed
equally with the same number of riffles, runs, pools, cover, etc. to minimize any
asymmetry in surface area between stream-channels. Substrate symmetry ensures
changes in biofilm production, resource use, and growth rates are the result of MDN
inputs rather than boundary layer effects. Water depth ranged from 12 c¢m in the riffles to
60 cm in the pools, with an overall average depth of 45 cm, providing a rearing volume
of 39.15 m>. Water velocities ranged between 15 cm/s in the pools to 110 cm/s in the
riffles and daily mean water temperatures were 5.4 °C (minimum 0.4; maximum
14.8 °C).

Biofilm growth in the stream-channels supported a diverse macroinvertebrate
population that served as the natural food source for salmon parr. Invertebrate samples

were collected from a nearby tributary using a standardized (3 minute) kick net (400 um
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mesh) sampling effort, identified to family and density and community composition
evaluated (Reynoldson et al. 2002). Each stream-channel was seeded with a
representative invertebrate community, equal to 2x the stream-channel area, to
supplement the natural colonization via drift. Prior to the addition of parr, each stream-
channel was sampled in the same manner as the wild collections to ensure comparable
invertebrate densities and compositions, as well as an adequate food supply. Wild
Atlantic salmon parr, were collected from the Tobique River (a tributary of the SJR), with
115 parr (0+ to 2+ age-classes) stocked into each stream-channel. Plastic mesh baskets
(15 cm x 30 cm x 30 cm) were filled with substrate and inserted level with the surface
bottom of the stream-channel. These invertebrate collection baskets permitted
quantifiable sampling of invertebrates, while minimizing disturbance to the adult salmon
and parr. Fixed to each basket was a 4.5 by 4.5 cm slate tile (pre-conditioned to remove
organics by combusting at 550 °C for 12hr in a muffle furnace) to collect biofilm from a
standardized area. These baskets were randomly placed and secured to the channel bed
prior to the addition of adult salmon, allowing the biofilm to colonize the tiles under
natural conditions.

In May of 2009, wild Atlantic salmon smolts were collected from the Campbell
River, a tributary of the Tobique River, and reared in the Mactaquac facility to produce
mature adults in 2011 (Jones et al. 2010). These adults were reared on a marine-based
diet, primarily herring; therefore, we classify nutrient subsidies delivered by these fish as
marine-derived. On October 7, 2011, 24 of these “wild-exposed” adult Atlantic salmon
(12 male and 12 female) were introduced into each of two treatment stream-channels,

with the majority of spawning occurring November 8-23. The average size of introduced
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fish was 1.53 kg (range 0.99-2.16 kg) for the males and 2.49 kg (range 1.82-3.61 kg) for
the females. The resultant spawning density is within the range observed in spawning
locations in rivers with self-sustaining populations (personal observation; K.M.
Samways, R.A. Cunjak). Adults remained in the stream-channels until December 10,
2011, when they were removed to simulate post-spawning out-migration. Although
Atlantic salmon are iteroparous, a portion did die during the experimental period which
would have provided carcass inputs. Due to facility regulations, all mortalities had to be
removed to minimize any potential spread of disease. Hatching of eggs in the substrate
was estimated using a standard cumulative degree-days formula and a lower thermal limit
to salmon growth of 0 °C (Chezik et al. 2014). This was estimated to be 90% complete

by March 10, 2012 and emergence of salmon fry began on April 15, 2012.

5.3.3 Mesocosms

To assess the effects of only the dissolved MDN pool on fatty acid uptake in the
biofilm, eight partial flow-through mesocosms were used. These were located
immediately adjacent to the stream-channels. Each mesocosm was a 10L polyethylene,
open-top cylinder, similar to those used by Pestana et al. (2009). Mesocosms contained
substrates consisting of biofilm-colonized rocks and artificial substrates devoid of any
invertebrates. Mesh covers were used to preclude aerial invertebrates from colonizing
the mesocosms, as well as to maintain similar light intensities reaching the substrate as in
the stream-channels. Water from each stream-channel was pumped with a small
centrifugal pump (March: LC-3CP-MD) through a 243pum mesh (to exclude fish and

invertebrates), into a manifold, which supplied two replicate mesocosms. Current
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velocity inside the mesocosms was maintained at 0.07 m-s™', the average current velocity

within the stream-channels.

5.3.4 Sample collection

Sampling occurred between October 2011 and January 2012 (time 0, October 6,
2011; time 1, November 22, 2011; time 2, December 9, 2011; time 3, December 28,
2011; and time 4, January 25, 2012) to capture pre-spawn, spawning and post-spawn
effects. At each sampling event, biofilm, invertebrates, and salmon parr were collected
for lipid and fatty acid analysis. The primary invertebrate families found were
Gammaridae, Perlidae, and Ephemerellidae. Atlantic salmon eggs and milt were also
collected to serve as representative MDN sources. Benthic macroinvertebrates were
sampled by retrieving two of the plastic mesh baskets, sorting through the material
within, and identifying to family. Biofilm was collected from the affixed tiles from the
two baskets and one tile from each of the replicate mesocosms. The upper surface of
each tile was scraped, until bare tile was exposed, and rinsed with water from which the
tile was collected. Biofilm samples were centrifuged to isolate the organic material.
Electrofishing was used to collect salmon parr, which were euthanized prior to dissection
of muscle tissue by placing the fish in a concentrated clove oil solution until cessation of
respiration, followed by a blow to the dorsal side of the skull. Dissection revealed that
stomach contents contained invertebrates, while the stomach contents of many parr from
treatment stream-channels also contained salmon eggs. All samples were placed on ice
until they could be frozen at -80 °C in the lab. Prior to lipid and fatty acid analysis,

samples were freeze-dried and ground to a homogenous powder.
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5.3.5 Lipid extraction and separation

Lipids were extracted following the method of Folch et al. (1957) using a 2:1
(v/v) chloroform:methanol solvent mixture. Adding 3.75 ml of 0.88% potassium chloride
separated the mixture into two phases. The lower phase was isolated, filtered through
glass wool and Na,SO,4 anhydrous crystals, evaporated under nitrogen and the total lipid
weighed. Pooling of replicate biofilm samples was done to ensure enough material was
available for analysis. Following a modified method of Morrison and Smith (1964), the
lipid samples were transmethylated by incubation with 2 ml of 7% BF3ncomn) and 0.5 ml
of toluene at 100 °C for 1 hr. The fatty acid methyl esters were isolated on Silica Gel 60
high performance thin layer plates (HPTLC) using a developing solution of
hexane:diethyl ether:acetic acid (90:10:1 v/v/v) solvent. The silica plates were sprayed
with a 2,4,7 dichlorofluorosceinaeon) solution to visualize the methyl ester spots under
UV light. The fatty acid methyl esters were separated and analyzed using an Agilent
7890A model gas liquid chromatograph (Santa Clara, California, USA.), as described by
Nanton and Castell (1998). Within each analytical run, the Supelco Omegawax®
standard from Sigma-Aldrich (St. Louis, Missouri, USA) and GLC-463 standard from
Nu-Chek Prep, Inc. (Elysian, Minnesota, USA) were analyzed to calibrate fatty acid

retention times.

5.3.6 Data Analysis

We used the statistical program PRIMER with the PERMANOVA (Permutational
Multivariate Analysis of Variance) add-on (McArdle&Anderson 2001) to quantify how
fatty acid profiles varied between groups and over time. For all analyses, an a of 0.05
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was used. Fatty acid profiles were analyzed with a PERMANOVA with data arcsin
square root transformed and a resemblance matrix was calculated using Bray-Curtis
coefficients (Clarke et al. 2006). In the PERMANOVA, Treatment (2 levels; with and
without adult salmon), Sampling Time (5 levels), and Trophic Group (4 levels; salmon
parr, invertebrates, biofilm, salmon eggs) were fixed factors; Tank (4 levels) nested
within Treatment, and Sample (the error term) were random factors. A total of 56 fatty
acids per sample were used in the PERMANOVA. As there were no significant
differences between replicate tanks (p=0.526), PERMANOV As were re-analyzed with
the variable Tank removed. Due to a significant three-way interaction between fixed
factors (Treatment x Sampling Time x Trophic Group), a separate PERMANOVA was
conducted for each Trophic Group (as data permitted) as a post hoc analysis to assess
temporal dynamics. Similarity Percentage (SIMPER) analysis, which measures the top
90% of contributing variables (e.g. fatty acids) (Clarke 1993), was used to calculate the
average sample dissimilarity of each fatty acid to the separation between treatment and
control stream-channels.

Principal components analysis (PCA) was used to visualize the fatty acid profiles
between groups and identify those fatty acids that accounted for the major sources of
variation within the dataset, therefore minimizing redundancy. PCA was conducted
using fatty acid data for all individuals in all groups. The fatty acids with the highest
absolute loadings on the first two PC axes were selected, following the procedures
outlined in Olden and Poff (2003). The number of fatty acids selected for each axis was
weighted by the proportion of the variance explained by that PC relative to all PCs

retained. For example, based on all groups the first PC explained 68.4% of the total
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95.9% variance explained by the first five PCs — 4 of the 47 fatty acids were selected
from PC1 (as they accounted for 68% of the loading values). We employed a minimum
threshold of three fatty acids selected per axis.

The Euclidean distance for each sample to the group centroid was calculated to
provide a metric of feeding diversity within the food web (Layman et al. 2007). The
centroid was the mean PC1 and PC2 value for all samples in a particular group (e.g. pre-
spawning invertebrates). We evaluated the effect of being exposed to salmon spawning
to not being exposed, time and age class on length and weight of salmon parr using an

analysis of variance (ANOVA).
5.4 Results

5.4.1 Growth

Average mass of salmon parr in the different cohorts ranged from 2.9 — 16.9 g at
the time of stocking to 2.9 — 22.8 g at the last sampling period (Table 5.1). Growth, in
terms of length, was significant (p=0.044) in the 2+ parr in the MDN treatment with
increases in length of 0.45 + 0.07 cm fish™'. Growth, in terms of weight, was significant
(p<0.04) for the 1+ and 2+ parr in the MDN treatment stream-channels (Table 5.1). The
1+ and 2+ parr in the controls lost weight from initial stocking. The weight of 0+, 1+,
and 2+ parr in the MDN treatment was on average by 14.7, 7.2, and 32.5 % greater,

respectively, over the 116 day experiment.
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5.4.2 Total lipid

Total lipid content varied temporally throughout the experiment, with MDN
treatments having a greater lipid content compared with the controls (Figure 5.2). We
detected a significant increase in total lipid content in the biofilm (both stream-channels
and mesocosms), invertebrates (primarily Isopoda) and salmon parr (all comparisons had
an F-value > 6.75 and a p-value < 0.006). Greater total lipid content coincided with
salmon spawning for the invertebrates and salmon parr; however, differences in the
biofilm did not occur until after the adults were removed (Figure 5.2a). The magnitude
of differences in total lipid content varied among trophic groups. Biofilm in stream-
channels with MDN inputs had up to a 4.33% higher lipid content than stream-channels
without MDNs (Figure 5.2a). Invertebrate total lipid was larger than both biofilm or
salmon parr and the only trophic group to show increases in lipids in both treatment and
controls; however the greatest increases were in MDN treatment stream-channels
(7.54%). For salmon parr, like biofilm, controls showed little to no change in lipid
content over time, whereas in the MDN treatment, lipid content was greater immediately

after spawning.

5.4.3 Fatty acid profiles

The PCA results based on the fatty acid profiles distinguished between trophic
groups and Figure 5.3 represents the two-dimensional ordination displaying the patterns
of inter-correlation among the 56 fatty acids for the combined set of 140 samples. The
first principal component axis accounted for most of the variation between trophic groups

(59.9%) and differentiated fish from the invertebrate and biofilm groups. The second
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principal component axis, which accounted for 10.3% of the variation, clearly separated
the salmon parr and invertebrate groups between the MDN treatment and control groups
for sampling periods following adult salmon introductions (sampling times 1-4).
Although biofilm displayed more temporal variability in both the MDN treatment and
control stream-channels, there were differences between the MDN treatment and control
groups between sampling periods 1-3. There were no differences in fatty acid profiles
within a trophic group between the MDN treatment and control stream-channels prior to
the addition of adult salmon (sampling time 0). For salmon parr the MDN treatment
groups separated into three groups: 1) the initial “baseline” period (before adult
introduction; sampling time 0); 2) an “assimilation period” when the greatest MDN
incorporation occurred (83 day period encompassing the adult introduction, spawning,
and brief post adult removal periods; sampling times 1-3); and 3) final sampling period
(46 days post adult removal; sampling time 4) (Figure 5.3).

A total of 56 fatty acids were detected and identified in the tissues analyzed, with
23 of those selected to demonstrate differences between trophic groups because the
relative levels were greater than 0.1% of total fatty acids in at least one trophic group
(Table 5.2). PERMANOVA showed that fatty acid compositions varied significantly
between trophic groups prior to the introduction of adult Atlantic salmon (Fg, 16=4.593,
p=0.001); however, pair-wise tests revealed no significant differences between MDN
treatments and controls (p>0.237). There did not appear to be any significant differences
between the fatty acid profiles in biofilm from either stream-channels or mesocosms at
the initial sampling period; however, this could not be tested statistically as replicate

samples had to be pooled for analysis. Therefore, only initial biofilm samples for the
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stream-channel are reported. Saturated fatty acids accounted for > 60% of the total fatty
acids in biofilm but only 27-28% in the invertebrates and salmon, with 16:0 and 18:0
accounting for most of the total in each trophic group (Table 5.2). The monounsaturated
fatty acids (monoenes) accounted for approximately 20 - 30% of the total fatty acid
composition in both the invertebrates and biofilm and only 15% in the salmon, with the
proportion of 16:1(n-7) being greatest in the invertebrate group. In contrast to the biofilm
and invertebrates, the fatty acid composition of salmon parr was dominated by (n-3) fatty
acids (nearly 50%) with 22:6(n-3) making up half of this group (Table 5.2), while the
invertebrates contained ~24% (n-3) and the biofilm contained 5% (n-3). SIMPER
analysis identified an average dissimilarity of only 4.48-8.45% between MDN treatment
and control groups for stream-channel biofilm, invertebrates, or salmon parr at the time
of initial sampling (Figure 5.4), whereas mesocosm biofilm had an average dissimilarity
of 16.43%. Fatty acid compositions of Atlantic salmon eggs and milt more closely
resembled those of the salmon parr than either the biofilm or invertebrates (Table 5.3,
Figure 5.4).

Unlike the initial sampling period where differences in the fatty acid profiles
occurred between stream biota and not between treatment and control groups, large
variations between treatment and control groups were detected following adult
introduction (sample times 1-4). PERMANOVA showed a significant difference
between the fatty acid profiles of both stream-channel and mesocosm biofilm between
MDN treatment and controls (F4, 1;=1.623, p=0.034; and F4 1,=1.747, p=0.026; for
stream-channels and mesocosms, respectively). Within stream-channels, the proportions

of 18:0 and total saturated fatty acid groups decreased in both MDN treatment and
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controls for biofilm compared to the initial proportions; however, the decrease was much
greater in the MDN treatment stream-channels (Tables 5.2 and 5.4). Temporally, 16:0
declined significantly by the end of the spawning (assimilation) period followed by an
increase post-spawning, with MDN treatments approximating levels closer to the levels
in salmon eggs than controls (Figure 5.5). The increase in biofilm 16:1(n-7) was greater
in the controls than MDN treatments; however, both treatments maintained levels greater
than the salmon eggs (Figure 5.5). Total (n-6) fatty acids doubled during the assimilation
period in the MDN treatments, largely due to an increase in 18:2(n-6), but not in the
controls and then fell back to initial levels at the final sampling period. The total amount
of (n-3) fatty acids increased twice as much in the MDN treatments as in the controls
during the assimilation period. However, by the final sampling period, the total amount
of (n-3) in the controls returned to initial levels, whereas (n-3) in the MDN treatments
remained elevated (Table 5.4). The 22:5(n-3) and 22:6(n-3) fatty acids were not detected
in the biofilm in the controls during the duration of the experiment, whereas they were
detected in the MDN treatments post adult introduction. SIMPER analysis identified the
highest average dissimilarity between the MDN treatment and control stream-channels
during the adult-in period (time 2 and 3; 27.23 and 21.87 %, respectively) (Figure 5.4).
The biofilm in the mesocosms also exhibited temporal trends in fatty acid composition.
However, unlike in the stream-channels, the saturated and monounsaturated groups
decreased more in the controls than in the treatments (Table 5.5). The percentage of (n-
3) in the biofilm increased three times as much in the MDN treatments than in the

controls during the assimilation period.

148



As in the biofilm, fatty acid compositions of invertebrates displayed qualitatively
similar temporal changes in fatty acid composition relative to the initial sampling period.
PERMANOVA showed a significant difference between fatty acid profiles of
invertebrates in the MDN treatments and controls (F4, 1,=2.412, p=0.001) post adult
introduction. In the assimilation and final sampling periods, the percentage of total
saturated fatty acids remained unchanged from the initial sampling period; however, the
level of 16:0 decreased and the level of 18:0 increased in the MDN treatments (Table
5.6). The percentage of total monounsaturated fatty acids also did not differ from the
start of the study, but 16:1(n-7) decreased and 18:1(n-9) increased in the MDN
treatments, both tracking the percentages in the salmon eggs (Figure 5.5). The
percentage of total (n-6) fatty acids increased in the MDN treatments. The amount
22:5(n-3) in the controls remained relatively unchanged throughout the experiment, while
in the treatments it decreased, tracking the profile of the eggs (Figure 5.5). The amount
of 22:6(n-3) in both the controls and treatments remained relatively unchanged
throughout the experiment (Figure 5.5). SIMPER analysis showed the average
dissimilarity between the MDN treatment and controls increased as much as 12.21%
from the initial sampling period and remained elevated for the duration of the study
(Figure 5.4).

At all sampling periods after the introduction of adult Atlantic salmon to the
stream-channels the percentage of total saturated fatty acids increased and the percentage
of total monounsaturated fatty acids increased in MDN treatments (Table 5.7).
PERMANOVA showed a significant difference between fatty acid profiles of salmon

parr muscle tissue between MDN treatments and controls (Fa,90=9.520, p=0.001) post
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adult introduction. Increased sample size of salmon parr allowed for pair-wise
comparisons (unique permutations > 992) which showed MDN treatment fish sampled
post adult introductions were significantly different from the initial sampling period and
that samples from the assimilation period were significantly different from the final
samples (F19>4.732, p=0.001). SIMPER analysis identified that the greatest average
dissimilarity (14.69-15.68%) between the MDN treatment and control fatty acid profiles
of fish muscle was during the adult-in period (times 2 and 3) (Figure 5.4). Average
dissimilarity fell after the adults were removed, but remained high relative to pre-adult
profiles. In the MDN treatments, salmon muscle tissue fatty acids generally tracked the
values of the eggs (Figure 5.5). For example, fatty acids 16:1(n-7) and 18:1(n-9) each
decreased and increased, respectively in the MDN treatments. The percentages of total
(n-6) fatty acids increased and total (n-3) decreased in the MDN treatments, with both
20:5(n-3) and 22:6(n-3) decreasing to approach the levels in the salmon eggs (Figure
5.5).

The variation of resource use, measured as the median Euclidean distance to
group centroid, was lowest in the invertebrates and greatest in the salmon parr (Figure
5.6). For the invertebrates and salmon parr, median Euclidean distance values did not
differ between the initial and assimilation sampling periods; however, the variability
around the median within the assimilation periods was smaller in the MDN treatments.
Initial biofilms samples were unreplicated; therefore, Euclidean distances could not be
calculated. Median Euclidean distance in stream-channel biofilm during the assimilation
period was two times larger in the controls than in the MDN treatments (Figure 5.6a). In

addition to possible trophic shifts in resource use, there appears to be some natural
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temporal variation, most notably in the final samples of fish (Figure 5.6¢) as both the
MDN treatment and controls have a greater median Euclidean distance to the centroid

and a greater variability surrounding the median.

5.5 Discussion

Exposure to MDN resources from spawning Atlantic salmon led to improved
nutritional quality for all biota, as indicated by increased lipid stores and incorporation of
fatty acids. Increased lipid reserves were observed in all trophic levels (biofilm,
invertebrates, and salmon parr) with the greatest increases occurring in the invertebrates.
Fatty acid profiles readily distinguished between biofilm, invertebrates and Atlantic
salmon parr at all sampling periods, a result also found in other studies involving
salmonids (e.g. Heintz et al. 2010, Volk and Kiffney 2012). The variability in fatty acid
profiles was accredited to inherent differences between trophic groups combined with
assimilation of marine-derived fatty acids in the MDN treatments. During the initial
sampling period, overlap between individuals from the MDN treatments and controls
indicated feeding on the same food source. Separation during the assimilation and final
sampling periods indicated a shift wherein the two groups were using different resources.
The establishment of this new resource, relatively enriched in marine lipids (e.g. salmon
eggs), resulted in changes in the nutritional and chemical composition of the available
foods as a result of uptake of MDN’s. These results demonstrated the existence of MDN
effects on consumer condition at multiple trophic levels. Biofilm total lipid increased
with MDN inputs in both the stream-channels and mesocosms, although total lipid was

greater in the stream-channels and a lag in total lipid coincided with salmon spawning. In
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a related experiment, significant differences in biofilm production and productivity also
followed a lag period post-spawning (Samways and Cunjak 2015). During spawning,
redd construction can significantly reduce localized benthic community abundance
through streambed disturbance (Minakawa and Gara 1999, Moore and Schindler 2008).
Once adults were removed and streambed disturbance ceased, biofilm production and
productivity increased rapidly due to increased MDN loading (Samways and Cunjak
2015). Increased biofilm lipid stores post-spawning were likely due to indirect effects
from increased biofilm metabolic activity from dissolved marine-nutrient loading (i.e.
nitrogen and phosphorous from excretory products), rather than direct consumption of
marine lipids. The 12% increase in total lipid content in the MDN invertebrate group was
the greatest increase of all biota. Salmon parr showed the lowest increase in total lipid of
all the groups. The fish collected represented a combination of females, non-precocious
males, and precocious males spanning 0+, 1+, and 2+ age cohorts; therefore, the variation
observed in total lipid stores likely reflected the different biological requirements
associated with the different life stages (Cunjak and Therrien 1998).

Docosahexaenoic acid and eicosapentaenoic acid are considered essential fatty
acids for salmon and other marine or anadromous fish because in vivo production of these
fatty acids is relatively limited (Sargent et al. 1989, 1995, 2002). Salmon need these
essential fatty acids for optimal nervous system development and function, for production
of eicosanoids which promote immune function, and for reproductive function (Tocher
2003). Salmon parr in the treatment stream-channels were clearly following the fatty
profiles of the salmon eggs and invertebrates (e.g. greater 18:2(n-6), lower DHA and

EPA). Although in the treatment stream-channels during the assimilation period, parr
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had DHA proportions low relative to the total fatty acid mass, the mean concentration of
DHA on a per total fish mass basis was higher (0..31 + 0.03 g DHA/g total fish mass) in
the treatments than the controls (0.22 + 0.02 g DHA/g total fish mass). These
approximations are based on parr having a higher fat (9.12% vs 6.45%) and DHA
(25.67% vs 19.60%) content in the treatment vs control stream-channels respectively. By
the end of the experiment, parr mass in the treatment stream-channels had increased
making the difference in concentration of DHA even greater (0.25 + 0.02 and 0.10 £ 0.01
g DHA/g total fish mass in treatment and control stream-channels, respectively). The
accumulation and retention of DHA delivered by adult salmon helps to ameliorate
constraints put on parr by the low levels of DHA found in aquatic ecosystems.
Freshwater invertebrates essentially lack DHA (Hanson et al. 1985, Ghioni et al. 1996)
due to a dietary shortage, making little of this fatty acid available to higher trophic levels.
In contrast, EPA is found in abundance in freshwater invertebrates and is an important
eicosanoid precursor (Ghioni et al. 1996). Unlike the invertebrates, salmon eggs are a
resource rich in DHA.

Marine-derived subsidies from spawning Atlantic salmon had positive impacts on
the growth of salmon parr. Previous studies have also shown the positive impacts of
marine subsidies on juvenile salmonid growth (Bilby et al. 1998, Wipfli et al. 2003,
Guyette et al. 2013). In stream-channels without any marine-derived resources, 1+ and
2+ salmon parr actually lost 7.49 and 2.77 % of their body mass, respectively, over the
116 day experiment, a result also observed in juvenile coho salmon in artificial stream
reaches (Wipfli et al. 2003). Increases in body mass also coincided with increases in

lipid stores.
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One of our main objectives of this study was to demonstrate a change in the food
web structure resulting from the establishment of a new, marine-based, basal resource.
Fatty acid profiles between the MDN treatment and control stream-channels for each
biotic group were relatively similar prior to the introduction of adult Atlantic salmon
(average dissimilarity ranging between 4.5 to 8.5 %). Following adult salmon
introductions, the fatty acid profiles of the biofilm, invertebrates and salmon parr in the
MDN treatment stream-channels differed from the controls by as much as 27.3, 20.8, and
15.7 %, respectively. In general, the fatty acid profiles of the invertebrates and salmon
parr from the MDN treatment stream-channels tracked the fatty acid profile of the salmon
eggs. The temporal composition of many of these fatty acids demonstrates that
invertebrates and salmon parr in the MDN treatment stream-channels were consuming
marine-derived egg material. Studies on Pacific salmon have also demonstrated that
salmon parr and invertebrates feed directly on salmon eggs (Bilby et al. 1998, Gresh et al.
2000). Marine-subsidies and in particular dissolved MDNSs, increase biofilm biomass;
however, the response to MDN inputs of autotrophic and heterotrophic groups within the
biofilm community differs (Samways et al. 2015).

The community-wide metric of feeding diversity (as measured by the Euclidean
distance) also indicates a shift to a new basal resource in the MDN treatment stream-
channels. Given that the controls did not have adult salmon, the only diet available to the
salmon parr had to be a non-MDN source, whereas salmon parr in the MDN treatments
had two available food sources (invertebrates and salmon eggs). Overlap in fatty acid
profiles between individuals from the MDN treatments with individuals from the controls

(as is the case in the initial sampling period) and a similar mean Euclidean distance to the
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centroid, indicated they were feeding on the same food source. As there was no overlap
in fatty acid profiles between the MDN treatments and controls during the assimilation
period, salmon parr from each of the groups were feeding on different resources. The low
mean Euclidean distance (low variability) in the MDN treatments during the assimilation
period, coupled with similar fatty acid profiles of the salmon parr and salmon eggs during
the assimilation period, indicates that parr appear to be feeding on this new MDN-source,
perhaps even targeting the eggs (Thomaz et al. 1997, Cunjak and Therrien 1998). During
the final sampling period, salmon parr in the MDN treatments had 1.40 times more
variability in their feeding diversity than parr in the controls indicating that the salmon
parr diet was shifting back from predominantly MDN-influenced to one that included
more invertebrates.

Although representative of natural rivers, it is important to recognize the potential
limitations of applying the results from experimental stream-channels to a natural setting.
The adult Atlantic salmon used in this study were fed a marine-based diet typical of those
used in aquaculture with a lipid content of 20%. Some plant-based and poultry products
were also present in the feed, which could influence the fatty acid profiles of consumers
of the marine-subsidies. Effects of MDNs on biofilm abundance (measured as
chlorophyll a) showed increases up to 0.4 ug cm™ in natural rivers with wild Atlantic
salmon spawning (Samways et al. 2015), compared to increases up to 2.4 ug cm™ in
stream-channels with hatchery-reared spawning Atlantic salmon (Samways and Cunjak
2015). Therefore, caution should be taken applying these results, as the variation in fatty
acid composition in biota in natural systems is unknown. However, this study made use

of naturally occurring stream flora and fauna, including wild salmon parr and marine-
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nutrient additions from naturally spawning salmon, rather than bags of nutrients (Wipfli
et al. 2010); therefore, it serves as a model system for assessing the effects of marine
subsidies from Atlantic salmon.

Increased lipid and essential fatty acid stores are important for alleviating the
energy demands for growth and storage in salmon parr. Heintz et al. (2004) found that
when exposed to marine-subsidies from carcasses, juvenile coho salmon increased their
mass-specific energy stores by 25-fold and suggested that this would be particularly
beneficial for overwintering success (Berg and Bremset 1998). Bull et al. (1996)
demonstrated that the appetite of Atlantic salmon parr is regulated according to long-term
energy requirements rather than short-term needs, with winter being the period imposing
the greatest energy demands (Cunjak et al. 1998, Nasje et al. 2006). With Atlantic
salmon spawning occurring in late fall, the availability of lipid-rich eggs coincides with
the increased physiological demands associated with winter (i.e. cold acclimation, Cunjak
1988). If early winter is a physiological stressful period that depletes lipid stores (Cunjak
1988), then consuming eggs over other available resources should be an adaptive trait to
acquire adequate energy reserves to ensure survival through the winter (Cunjak et al.
1998).

These marine-derived subsidies (nutrients and lipids) benefit multiple trophic
levels of freshwater organisms as well as a cross-ecosystem spatial subsidy (Fox et al.
2014). The bottom-up effects of MDNs (from nitrogen and phosphorous loading) are
complimented by the direct consumption of marine-based tissues, increasing productivity

and therefore contributing to freshwater ecosystems diversity and health.
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Table 5.1. Growth (mean = SD) of wild Atlantic salmon parr in streamchannels receiving marinederived nutrients (MDNS)

from spawning Atlantic salmon and control treatments over the 116 day experimental period.

Age 0+ Age 1+ Age 2+
MDNs Control MDNs Control MDNs Control
Initial length (cm fiskA) 6.5+05 7.5+0.8 10.2+0.2 10004 11.6+0.3 11.1+0.1
(Range) (6.1-6.7) (6.2-8.2)  (10.0-10.3) (9.6-10.3) (11.4-11.8) (11.0-11.2)
Final length (cm fist) 6.8+ 0.6 7.7+0.8 104 +0.1 100+ 0.3 121+0.4 11.3+0.1
(Range) (6.1-7.0) (6.5-8.5) (10.3-10.5) (9.7-10.5) (11.8-12.3) (11.2-11.3)
Length change (cm fish  0.25+0.17 0.23+0.15 0.20+0.10 0.02+0.05 0.45+0.07 0.15+ 0.07
Initial weight (g fish%) 30+05 43+13 104+09 106+03 152+24 12.0+0.9
(Range) (2.9-3.7) (3.0-55) (9.4-10.6) (10.4-11.0) (13.5-16.9) (11.4-12.6)
Final weight (g fisk) 3.5+0.8 45+1.2 10.7+0.1 9.8+0.7 209+ 2.7 11.7+1.0
(Range) (2.9-4.7) (3.0-5.6) (10.7D11.0) (9.0-10.6) (18.9-22.8) (10.9-12.4)
Weight change (g fish 0.46+0.40 0.26+0.34 0.70+0.60 -0.79+0.49 5.68+0.33 -0.33%£0.19




Table 5.2. Fatty acid composition of initial streamchannel biofilm, invertebrate,

and Atlantic salmon parr tissue samples. Values (meahSD) are percentages of

total fatty acids (nd = not detected; na = ratio cannot be calculated dise

denominator is zero; asterisk = replicate samples were pooled).

Invertebrates Atlantic Salmon Parr
Fatty Acid Control Treatment Control Treatment Control Treatment
12:0 nd nd 0.23+0.02 0.12+0.01 0.04+0.05 0.00+0.00
14:0 3.61 3.80 2.04+0.20 2.08+0.16 1.11+0.75 0.55+0.22
15:0 1.38 1.24 0.24+0.02 0.23+£0.01 0.12+0.05 0.11+0.02
16:0 35.48 32.75 1892+ 0.46 19.60+0.76 19.28+1.15 19.09+ 0.96
17:0 1.05 0.89 0.51+0.02 0471002 044+0.14 059+0.11
18:0 22.54 19.36 483+0.08 470+0.32 6.19+0.37 6.40+0.26
22:0 0.85 0.67 0.28+0.05 0.28+£0.04 0.11+0.03 0.14+0.02
24:0 nd nd nd nd 0.02+0.04 0.00+0.00
| Saturates 65.70 59.32 2798+ 056 28.30+047 278+151 27.32+1.11
16:1(n7) 4.20 4.77 1457+051 1405+1.23 279+059 279+0.36
18:1(n9) 8.98 9.56 9.85+1.22 8.85+043 6.28+0.86 6.41+0.65
18:1(n7) 1.76 1.89 8.49+0.71 836+0.29 422+094 492+0.78
22:1(n9) 6.55 6.51 0.03+0.01 nd 0.11+0.16 0.01+0.01
I
Monoene§‘ 21.49 23.66 34.24+052 32.39+0.05 15.17+2.96 14.66+ 0.95
16:2(n4) nd nd 137+009 138+0.21 047+0.17 0.47+0.14
16:3(n4) nd nd 114+001 146+055 0.25+0.14 0.18+0.11
16:4(n1) nd nd 0.31+0.05 0.28+£0.06 0.17+0.18 0.05+0.02
18:2(n6) 2.75 2.65 3.87+030 384+099 265+0.39 2.78+0.28
20:4(n6) nd 0.44 161+032 153+030 1.81+0.36 1.89+0.37
I (n-6)" 2.75 3.09 6.25+0.67 6.17+1.39 581+041 5.96+0.45
16:4(n3) 0.72 0.58 0.27 £0.26 0.36+0.26 0.25+0.14 0.32%+0.15
18:3(n3) 2.53 2.26 7.84+064 884+020 559+266 7.30+0.96
18:4(n3) nd 0.99 1.02+0.03 1.12+0.02 0.80+0.27 0.92+0.17
20:5(n3) 1.18 1.77 1356 + 0.09 13.93+0.68 12.18+0.87 11.45+0.87
22:5(n3) nd nd nd nd 409+073 4.11%047
22:6(n3) nd nd 0.48+0.17 0.38+0.08 22.76+1.34 22.36+1.83
I (n-3) 4.43 5.60 235+0.05 2494+057 46.86+4.01 47.93+1.68
(n-3)/(n-6) 1.61 1.81 3.77+041 416+1.03 809+091 8.08%0.67
20:5(n-3)/
22:6(n-3) na na 29.71+10.35 37.57+9.79 053+0.02 0.51+0.05
20:4(n-6)/
22:6(n-3) na na 3.41+055 403+0.08 0.07+0.01 0.08+0.01
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(from previous table)

Totals include saturated fatty acids in table plus: 8:0, 10:0, 11:0, 13:0, 7Me16:0, 20:0,
21:0, 23:0
a Totals include monounsaturated fatty acids in table plus: &)1 ({4:1(R5), 15:1(n
5), 16:1(nR5), 17:1(R7), 20:1(r11), 20:1(R9), 20:1(R7), 22:1(n-11), 24:1(R9)
a Totals include b6 fatty acids in table plus: 16:2@), 18:3(r6), 20:2(r6), 20:3(R6),
22:2(n6), 22:4(n6), 22:5(R6)

i Totals include 8 fatty acids in table plus: 20:3@), 20:4(r3), 21:5(R3)
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Table 5.3. Fatty acid composition of adult Atlantic salmon gametes. Values are

percentages of total fatty acids. See Table 1 for explanation of symbols.

Adult Atlantic Salmon

Fatty Acid Eggs Milt
12:0 nd nd
14:0 1.37 0.84
15:0 0.18 0.16
16:0 13.80 22.76
17:0 0.23 0.21
18:0 1.47 5.33
22:0 nd nd
24:0 nd nd
I Saturates 23.54 29.48
16:1(n7) 4.66 0.97
18:1(n9) 20.15 7.79
18:1(n7) 3.55 5.17
22:1(n9) 0.10 0.07
I Monoene$ 29.75 14.45
16:2(n4) 0.24 nd
16:3(n4) 0.09 nd
16:4(n1) 0.07 0.28
18:2(n6) 8.89 4.17
20:4(n6) 1.82 4.39
I (n-6)° 13.17 9.68
16:4(n3) nd nd
18:3(n3) 0.76 0.16
18:4(n3) 0.63 0.13
20:5(n3) 7.88 18.70
22:5(n3) 4.87 3.94
22:6(n3) 15.22 21.62
I (n-3)! 30.60 44.84
(n-3)/(n-6) 2.32 4.63
20:5(n-3)/ 22:6(n-3) 0.52 0.87
20:4(n-6)/22:6(n-3) 0.12 0.20

16€



Table 5.4. Fatty acid composition of streamchannel biofilm tissues. Values (meat
SD) are percentages of total fatty acids. The Oassimilation periodO is defined as the
period when greatest MDN incorporation occurred (83 day period encompassing the
adult introduction, spawning, and brief post adult removal periods; sampling times

1-3). See Table 1 for explanation of symbols.

Assimilation Period Final

Fatty Acid Control Treatment Control Treatment
12:0 nd nd nd nd

14:0 1.11+141 184+131 167+x0.77 244%0.16
15:0 0.48+0.12 0.36+0.18 0.47x0.02 0.45+0.02
16:0 20.37£2.24 1433+3.31 2235+1.01 18.1+0.38
17:0 0.31+0.14 0.24+0.04 0.19x0.07 0.11+0.01
18:0 12.89+£9.13 496+213 342+3.02 148+0.46
22:0 0.27+0.16 0.16+0.05 0.22+0.09 0.09+0.02
24:0 0.48+0.10 042+0.36 1.25+1.23 0.33+0.06

I Saturates 36.45+7.70 22.76 +3.61 30.05+2.85 23.41+1.12
16:1(n7) 18.45+£5.39 11.92+4.21 21.89+3.11 25.77 £0.52
18:1(n9) 766+1.25 405x0.27 1233+595 10.11+2.24
18:1(n7) 257+£0.36 344058 341+1.04 193x0.04
22:1(n9) 1.03+0.33 057+£0.21 1.05+1.13 0.30x0.13
| Monoene$ 30.33+£6.66 21.14+3.91 39.63+6.95 39.00+ 1.61
16:2(n4) 1.60+£0.71 181+1.04 168+1.36 1.69%0.52
16:3(n4) 228+143 232+198 145%+1.68 1.07+0.58
16:4(n1) 0.75+ 046 3.89+4.19 0.17x0.03 0.31+0.11
18:2(n6) 193+041 490%£0.69 225+0.24 2.04x=0.54
20:4(n6) 1.09+0.25 152+041 082+£0.05 1.04x0.24
I (n-6)° 345+098 7.11+1.02 3.63x0.18 3.83+0.73
16:4(n3) 1.01+£125 207+£0.12 04+035 221%0.49
18:3(n-3) 279+£191 459+181 257%x1.02 533+0.72
18:4(n3) 0.77+£054 125+0.76 0.24x0.12 0.22+0.10
20:5(n3) 9.65+343 1536+7.44 247+0.19 8.38+0.64
22:5(n3) nd 0.92+0.51 nd 0.44 £ 0.09
22:6(n3) nd 3.39+2.25 nd 0.16 £ 0.02
I (n-3)! 1435+ 229 2787+5.02 579+0.69 16.91+1.61
(n-3)/(n-6) 439+154 397+0.88 159+0.11 4.44+043
20:5(n-3)/ 22:6(n-3) na 6.65 £ 4.79 na 52.54 + 11.32
20:4(n-6)/22:6(n-3) na 0.58 + 0.31 na 6.63 = 2.42
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Table 5.5. Fatty acid composition of mesocosm biofilm tissues. Values (me&i$D)

are percentages of total fatty acids. See Table 1 for explanation of symbols.

Assimilation Period Final

Fatty Acid Control Treatment Control Treatment
12:0 nd nd nd nd

14:0 096+0.89 151+147 215+1.17 3.24+0.67
15:0 0.34+£0.12 032+0.11 0.71+£0.21 055+0.11
16:0 20.53+£2.31 13.29+2.60 28.39+6.83 20.21+243
17:0 0.25+£0.09 0.17+0.04 0.43+0.15 0.18+x0.11
18:0 1243 +£8.11 451+222 11.95+587 3.21+2.26
22:0 0.28+0.1 0.20+£0.06 0.71+£0.27 0.22%+0.12
24:0 0.88+£0.21 057+032 1.48+0.05 0.64+0.42
I Saturates 36.52+6.75 21.21+1.51 46.49+ 14.61 28.84 £ 6.16
16:1(n7) 16.92 £+ 557 10.63+4.42 11.01+298 25.11+6.89
18:1(n9) 6.00£05 396+024 7.48+1.76 9.01%5.13
18:1(n7) 3.03+£0.42 282+062 365+1.13 2.01+£0.05
22:1(n9) 1.14+£0.75 113+0.64 296+051 0.57+0.24
| Monoene$ 27.83+£6.03 19.31+3.49 26.23+6.52 37.76 £ 11.82
16:2(n4) 241+043 324+0.76 1.24+0.33 199+0.42
16:3(n4) 291+094 482+191 1.18+0.18 1.57+0.94
16:4(n1) 148+0.66 197+1.44 0.23+0.11 0.44+0.15
18:2(n6) 165+0.26 481+0.48 221+0.84 2.16+0.78
20:4(n6) 1.28+£056 153+£0.08 057+0.11 1.38+0.35
I (n-6)° 3.65+0.17 7.28+033 311+141 418+1.74
16:4(n3) 051+0.22 1.08+051 0.21+0.04 0.18+0.08
18:3(n-3) 154+£039 259+£094 208+093 1.37+0.81
18:4(n3) 122+039 111+0.66 0.37+x0.21 0.30+0.01
20:5(n3) 1052+ 6.05 17.8+743 337+1.19 8.61+1.85
22:5(n3) nd 1.16 £ 0.59 nd 0.56 £ 0.16
22:6(n3) nd 3.89+049 0.92+0.36 0.43+0.06
I (n-3)! 13.89+6.1 27.70+897 7.05x1.77 11.53+2.77
(n-3)/(n-6) 3.75+1.46 3.80x125 238+051 2.86+0.53
20:5(n-3)/ 22:6(n-3) na 452+151 0.00£0.00 20.49+7.32
20:4(n-6)/22:6(n-3) na 0.39+0.02 0.13+0.09 3.29+1.31
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Table 5.6. Fatty acid composition of invertebrate tissues. Values (meanSD) are

percentages of total fatty acids. See Table 1 for explanation of symbols.

Assimilation Period Final

Fatty Acid Control Treatment Control Treatment

12:0 0.47+£0.66 1.67 £1.37 0.34+£0.26 1.02+0.86
14:0 241+161 327091 3.15+x049 5.19+0.48
15:0 0.22+0.01 0.22+0.05 0.22+0.08 0.22+0.02
16:0 172+234 1199+1.06 19.43+1.86 11.89+0.08
17:0 0.27+0.07 056+0.15 0.25+0.06 0.34+0.16
18:0 411+0.27 7.16+0.77 2.49+0.28 484+0.61
22:0 0.28+0.07 0.25+0.17 0.08+0.04 0.19+0.14
24:0 0.02+0.03 0.02+0.04 nd 0.05 +0.02
I Saturates 26.02+3.14 26.23+1.71 26.75+0.85 24.91+1.88
16:1(n7) 1412+1.17 6.91+0.86 20.56+0.21 12.63+0.61
18:1(n9) 1044 +£0.89 16.16+1.41 9.41+0.78 14.63+0.11
18:1(n7) 56+£0.70 533+132 526+0.14 2.82+0.04
22:1(n9) 0.04+0.05 0.05+0.06 nd 0.02 +0.01
| Monoene$ 3228+ 1.77 29.79+390 3595+0.72 31.11+1.01
16:2(n4) 258+0.10 214+0.88 282+0.38 259+0.35
16:3(n4) 429+211 202+151 387095 5.38%0.27
16:4(n1) 0.62+0.17 044+0.16 0.95+0.29 1.78+1.07
18:2(n6) 3.15+0.67 757+0.71 2.06+0.47 4.01+0.46
20:4(n6) 1.29+0.73 266+1.01 0.85%x0.09 2.11+0.55
I (n-6)° 584+131 11.09+0.60 3.79+0.62 7.42+0.64
16:4(n3) 0.70£0.33 1.01+063 053+0.02 0.49+042
18:3(n-3) 1.83+0.92 6.33+£2.18 253+0.23 7.17+0.39
18:4(n3) 1.09+0.03 096+054 1.26+x0.24 1.35+0.38
20:5(n3) 16.23+£1.98 11.91+1.67 15.79+0.48 9.56*0.16
22:5(n3) 0.32+0.15 0.29+0.27 0.05+0.04 0.23+0.07
22:6(n3) 087066 0.78+0.78 0.31+0.23 1.06+0.68
I (n-3)! 21.33+£1.87 21.54+1.89 20.72+0.72 20.09 £ 0.57
(n-3)/(n-6) 379090 194+0.10 551+0.71 272+x0.31

20:5(n+3)/ 22:6(n-3)
20:4(1+6)/22:6(n-3)

2.67 + 1.98

5.37 + 2.80

3.77 £ 2.59

30.64 + 22.6€ 27.37 + 17.64 71.48 +53.14 11.21 +7.01

2.69+2.24




Table 5.7. Fatty acid composition of Atlantic salmon parr muscle tissue. Values

(meanz SD) are percentages of total fatty acids. See Table 1 for explanation of

symbols.
Assimilation Period Final

Fatty Acid Control Treatment Control Treatment
12:0 0.01+0.02 0.01+0.01 nd nd
14:0 0.75+0.13 091+0.01 064+£0.13 0.72+0.15
15:0 0.07+£0.06 0.08 +0.07 nd nd
16:0 18.79+£1.01 15.45+0.84 18.88+0.76 15.55% 0.55
17:0 0.53+0.01 040+0.04 048+£0.09 0.36x0.09
18:0 6.62+0.22 498+0.58 5.67+045 6.45+0.56
22:0 0.11+0.01 0.06+0.02 0.1+0.02 0.06%0.01
24:0 0.09+£0.04 0.01+£001 0.1+£0.01 0.02x0.01
I Saturates 27.5+£1.09 2236+141 26.36+1.12 23.59+0.77
16:1(n7) 287+0.05 6.11+0.64 2.49+0.72 2.98+0.94
18:1(n9) 534+031 1492+06 532+1.15 13.63+x25
18:1(n7) 364+032 403+0.15 331+0.7 3.57x0.49
22:1(n9) 0.02+0.02 0.11+0.03 0.03+£0.02 0.08%0.01
| Monoene$ 1256 £ 0.24 26.08+0.94 11.68+1.67 21.12 + 3.09
16:2(n4) 0.53+0.10 0.26+0.03 0.37+0.09 0.18+0.09
16:3(n4) 0.51+0.07 0.14+0.02 0.31+£0.15 0.06%0.03
16:4(n1) 0.11+0.01 0.07+0.01 0.06+0.05 0.06=*0.02
18:2(n6) 247+0.19 590x043 2.01+0.49 452+0.49
20:4(n6) 363062 159+0.34 295+0.57 2.28=x0.17
I (n-6)° 757+£058 953+0.25 6.5+0.56 8.8 £ 0.57
16:4(n3) 0.21+0.08 0.14+0.04 0.13+£0.12 0.09%0.05
18:3(n-3) 3.18+0.89 424+046 3.71+1.29 244+1.13
18:4(n3) 0.69+0.09 044+004 021+02 0.25x0.14
20:5(n3) 1203+ 056 7.86+0.48 12.14+1.21 6.77+0.55
22:5(n3) 411+0.15 4.13+0.22 46+042 4.07+0.37
22:6(n3) 25.66 £ 0.98 19.59+0.18 29.38+2.94 28.04 + 3.54
I (n-3)! 4712 +1.41 37.61+0.49 51.32+1.78 42.72+3.51
(n-3)/(n-6) 6.31£056 3.97+x0.05 7.94+0.75 4.88+0.69
20:5(n-3)/ 22:6(n-3) 0.46+0.03 040+0.02 041+£0.06 0.24%0.02
20:4(n-6)/22:6(n-3) 0.14+0.01 0.08+0.01 0.1+0.01 0.08+0
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Figure 5.1. Schematic drawing of the experimental strearthannels. V: water
inflow, adjustable with a valve; O: water outflow via an overflow weir regulating the
water level in the streamchannel with a mesh panel (wire mesh size 2.5m) to
block fish emigrations; Ri: riffle habitats; Ru: run habitats; P: pool habitats.

Arrows indicate direction of flow.
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Figure 5.2. Seasonal patterns in mean % lipid (x one standard deviation) in a)
stream-channel biofilm, b) invertebrates, and c) Atlantic salmon parr (muscle)
receiving marine-derived nutrients (MDNs) from spawning Atlantic salmon and
control treatments. MDN treatments: shaded symbols; controls: open symbols.
Values with an * denote a statistically significant differencep<0.05) between
stream-channels with MDN inputs and the controls for the same sampling period.
Shaded areas denotthe period of spawning (November 823, 2011). Adult salmon
were introduced into the streamchannels on October 7, 2011 and removed on

December 10, 2011.

[Figure on following page]
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Figure 5.3. Principle component analysis (PCA) plots of fatty acids in biofilm
(green), invertebrates (black), Atlantic salmon parr (blue) and Atlantic salmon eggs
(green star). Treatments: MDN subsidies: shaded symbols, controls: apsymbols.
Sampling times: triangle (October 6, 2011), square (November 22, 2011), diamond
(December 9, 2011), circle (December 28, 2011), and inverted triangle (January 25,
2012). The eigenvectors (represented by an individual fatty acid and correspand
vector length) reflect the importance of that fatty acidOs contribution to

distinguishing between the first two principal component axes.
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Figure 5.4. Percent average dissimilarity in fatty acid profilesas calculated using
Similarity Percentage (SIMPER) analysis based on a Braurtis similarity matrix.

For each group (biofilm, invertebrates, and salmon parr), at each sampling period
(0b4), dissimilarity represents the differences between treatment arcontrol
stream-channels. Dissimilarity was also compared between treatment (T) and
control (C) stream-channels for between group differences (e.g. between biofilm and

invertebrates denoted as biofilm:inverts).
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Figure 5.5. Temporal changes in the fatty acids (mean £1 SD) identified using
Similarity Percentage (SIMPER) analysis which accounted for 68.8% of the
differences between biofilm (ae), invertebrates (j), and Atlantic salmon parr (k-0)
in stream-channels receiving marinederived nutrients from spawning Atlantic
salmon (shaded symbols) and control strearohannels (open symbols). Fatty acids
identified were 16:0 (a, f, k), 16:1(n7) (b, g, ), 18:1(R9) (c, h, m), 20:5(r3) (d, i, n),
and 22:6(n3) (e, j, 0). The dashed line represents the fatty acid value of the eggs;
see figure 2 for explanation of the rest of the symbols. Shaded areas denote the

period of spawning (November 823, 2011).

[Figure on following page]
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Figure 5.6. Box and whisker plots of the Euclidean distance between the group
centroid and each sample within that group: for a) biofilm, b) invertebrates, and c)
Atlantic salmon parr. For stream-channels receiving marinederived nutrients
(MDNSs) from spawning Atlantic salmon and control treatments, sampling periods

were divided into initial (time 0), assimilation period (times 1, 2, and 3) and final

(time 4).
< (= >= H#=
-
— T |
| o |
| |
| |
| |
| |
| |
g 4 '
—_—
2
S
:‘\
*
._)<' 9 °
* = —
<L T T
- T
<}O T ! |
F [ | | °
x 8 — € | |
- | | T
S | |
3 AN
O\ ! ! |
& ! ! |
| |
;tt T I !
p=— 7 4 | | T
| |
|
Q— ™ !
| I
! I
! I
6 — - | | |
— | I oy
-5 AT
J'_ | +
€L L
5- = % =~ %4\ %4\ % =
o\gcséagaé ST 2L e RO S
© 5 S © S = © S o © 5 = © 5 o S =
IS =~ X IS ~ X IS ~ XX o =~ X o ~ X IS ~ XX
~ & 2 ~ & g -~ & S = & g9 = & 9 = &H S
< g < A < < — § A 8\2 < — § < A § ~
2 2 S g g S
O__ O¥ O._ O__ O__ O¥
N N o N N o

17¢€



Chapter 6

The ecologicaltoll from declining fish populations: Anadromous

fishes function as nutrient import/export specialists

Kurt M. Samway$, GuillaumeJ.R.Dauphirt Richard A.Cunjak

YUniversity of New BrunswickDepartment of Biologand Canadian Rivers Institute

Fredericton, New Brunswick E3B 5A3 Canada.



6.11 Abstract

Andromous fish deliver marirgerived nutrient (MDN) subsidies to freshwater
ecosystems. Singhe establishment of commercial fishing in 1765 in the Miramichi
River, Atlantic salmon and gaspereau (collective term for alewives and blueback herring)
have undergone precipitous declirfies. declines of 96% for Atlantic salmon and 64%
for gaspereau) Here, we examine the relative importance of nutrient subsidies from
Atlantic salmon and gaspereau using the Miramichi River as a model system. We
calculated the equilibrium spawning population (point at which the population is neither
increasing nor deeasing) as an estimate of the historic or maximum number of fish in
the Miramichi River. Applying masisalance nutrient loading models based on life
history data, we estimated the amount of MDNs being delivered by Atlantic salmon and
gaspereau. The edjbrium spawning population estimate in the Miramichi River was
1.6 million Atlantic salmon and 20.25 million gaspereau (12.7 million alewives). Based
on these equilibrium spawning population estimates, Atlantic salmon would have
imported 189.7 tons of tnogen (N) and 17.7 tons of phosphorous (P), while only 0.5
tons of N and 0.08 tons of P would have been exported through juvenile out migration.
Gaspereau would have imported 121922.9) tons of N and 18.%8.5) tons of P and
exported 129.5#24.2) ts of N and 21.8#4.1) tons of P. Declines in fish populations
have lead to a greater than 90% reduction in saldesived nutrients and greater than
55% reduction in gaspereakrived nutrients. In general, Atlantic salmon appear to be
net nutrient imprters and alewives (gaspereau) net nutrient expoBarsnishing

anadromous populationsveikely created aituation whereby cumulative losses in
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MDNs may bdeading to dedhes in freshwater productivity, resultingardecrease in

the resiliencef these fishgto recover.

6.21 Introduction

Freshwater productivity is driven by nutrients and energy generated from within
the ecosystem or by resource subsidies originating in other ecosystems (Polis et al. 2007).
Anadromous fish can deliver important nmexderived nutrient (MDN) subsidies to
freshwater ecosystems. For exampléhie Pacific Northwessalmon Oncorhynchus
spp.)delivermarine subsidies in the form of excretory products, gametes and carcasses
that are enriched in nutrients (e.g. nitrogsih and phosphorous (P(Bilby et al. 1996,
Wipfli et al., 1999) leading to increases in freshwater productivity (Levi et al. 2003)
including juvenile fish growth (Wipfli et al. 2003) aatbundanceGhaloner et al. 2002,
Wipfli et al. 2010). While not & extensively studied as Pacific salmon, Atlantic
anadromous fishes haaésobeen shown to be important contributors of MORsirbin
et al. 1979, Jonsson and Jonsson 2003, Jardine et al. 2009, Nislow and Kynard 2009,
Walters et al. 2009, Samways et al12D

Biodiversity and species richness play a critical role in maintaining ecosystem
productivity, as it can provida buffer against environmental charf{gereau et al. 2001,
Palmer et al. 2004)Atlantic Canada is home to 13 species of diadromousdighbiting
a wide variety of life history and spawning strategtesott and Scott988. These
annual migrations deliver MDN subsidies supplementing a food web with a diversity of
food resources, which are important for freshwater produgbia@vidinga source of

energy to higher trophic levels (Chapter 3), andstmtainindife-history processes such
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as growth and development (Samways et al. 2017). However, over the last century,
eastern North American anadromous fish populations have undergone precipitous
declines (Limburg and Waldman 2009), leading to a corresponding decrease in MDN
contributions tht may explain decreases in freshwater productivity (Samways et al.
2015, Samways and Cunjak 2015).

The Miramichi Riverin New Brunswick, Canada draias area of.4,000 kni
(Cunjak and Newbury 200%nto the Gulf of St. Lawrence (Fi§.1). Because ofts$ size
and accessibility to migratory fishes along the entire length, it is currently the largest
producer of diadromous fishes in Atlantic Canada (Chaput 1¥%&ppeans used the
Miramichi estuaryregionthroughout the early part of the™.6entury primarily as
stopover points to rest and clean their ocean catch, not establishing persetthements
until the late 16000s. However prior to 1765, theyFirst Nation Peopleeremaking
use of thawithin-river fishery resources)avidson 194y, Forexample, in the late 18
century, the subsistence exploitation of Atlantic salmon in the Miramichi catchment is
estimated between 14 and 64 tonnes annually (calculation basestnd 1952nd
Dunfield 1985; respectively).

In 1765 the first commerai fishery for Atlantic salmon) was establishadthe
Miramichi River, and by the late 17008sizeable inland fishery was well established
with the princigl fisheries beindor Atlantic salmon(Salmo salay (see Fig6.2 for
Atlantic salmon landingspagereau €ollectiveterm used in Atlantic Canada describing
both alewivesAlosa pseudoharengasd blueback herringhlosaaestivalig (see Fig.

6.2 for gaspereau landingéAmerican shadAlosa sapidissimi striped basd\orone

saxatilig, rainbow srelt (Osmerus mordgxAmerican eelAnguilla rostratg, tomcod
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(Microgadustomcod, and brook trout$alvelinus fontinalis(Perley 1852).In addition

to the commercial fishery, local First Nations communities routinely harvested shortnose
and Atlantic sirgeon Acipenser brevirostrurandAcipenser oxyrinchus oxyrinchus
respectively) as part of their sustgince fishery (Dunfield 1985) his was short liveds
much of the commercial fishing the Miramichi River ceasda 1777due to a shifting
focus onthe American revolutionaryvar (Perley1852, Dunfield 1985)With

commercial fishing once again intensifying post war, catches veenatiful throughout

the first decade of the T@entury. Howevemverfishing caused the vast exports of fish
leaving he Miramichi to dwindle to only a few tonnes by 1824 (most of which was
salmon) (Perleyt852, Dunfield 1985). By the 18500s species such as Atlantic salmon,
gaspereau and striped bass were considered Oa matter of historyO and Onearly
exterminatedO (PerléB52,Monro 1855).

The commercial fishery continued in the Miramichi River, but decreases in the
abundance of many anadromous species were very much evident. By the early 19000s
approximately 2500 t of diadromous fish were being harvested, of whidilovasmelt,
gaspereau, and Atlantic salmon made up 50%, 16%, and 8% of the total catch
respectively; the other 26% of the catch being made up of American eel, shad, tomcod,
and striped bass (Chaput 1995). By 1984 the commercial salmon fishery was ctbsed an
by the early 19900s the total diadromous commercial catch fell to 3100 t, of which
rainbow smelt and gaspereau made up 90% of the total (13% and 77% respectively)
(Chaput 1995).

The decline of anadromous fishes throughout tHeat@ 28" centuries wa

undoubtedly affected by industrialization and widespread resourcé-asestry, a long
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standing industry in the Miramichi River catchment, contributed to freshwater habitat
degradation through blockage of upstream passage from splash dams andgloé pilin
pulpwood in the riverbed, nutrient losses, decreased water quality, altered flow and
increased sedimentation, and increased summer water tempefatsoaet al.1972)
Intensive spraying of DDTd{chlorodiphenyltrichloroethandetween 1952967 b

control spruce budworm, lead to increased fish mortalities and decreased reproductive
success (Elson 1967). As it has aiédf of 13 years, the reservoir of DDT and its
derivatives was sufficient to ensure enough recycling through the environmararfgy
many years even after switching to Aeersistent alternatives (Elson et al. 1972). In
addition, pollution from mining operations altered freshwater community structure and
function (Saunders and Sprague 1967, Bucklay Winters 1983Schiefer etl. 1993.
However, early fishing practices prior to widespread habitat degradation had likely
already set in motion the collapse of anadromous fish stocks and that the impacts to rivers
that followed (i.e. forestry, pollution, etc.) were merely the fatedw.

With much of the overexploitation and subsequent disruption to freshwater
productivity occurring decades or even centuries before quantitative stock assessments, it
is easy to be OdeceivedO by the notion that only recent data on composition and
abwndance are reliable, and that historical data are not good enough to use in rigorous
analysesKinnegar ané&ngelhard 2008, Humphries and Winemiller 2009).a4ssult,
we accept the notion that environmental conditions of the immediate past (e.g-7&st 50
years) daat necessarily reflect those of the distant past (Pauly 1995) and that degraded
and unsustainable conditions become the accepted management and/or restoration targets

(Humphries and Winemiller 2009). Benchmarks based on current rates olddBiNg
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by anadromous fishes likely underestimate the historic importance of MDNs in driving
and maintaining freshwater productivity.

Here, we examine the relative importance of nutrient subsidies from Atlantic salmon and
alewives. Historical records dfor anecdotal data on fish populations go back 300 years,
however humans were impacting fish populations prior to this. Because of this, we first
calculated estimates of maximum spawning population sizes of both Atlantic salmon and
alewives/gaspereau.h&n using a madsalance modelling approach we estimated net
nutrient loading based on existing lifestory data. Finally we compare current MDN
loading to maximum spawning estimates to demonstrate what the maximum MDN inputs

would have been and how mulehs been lost through population declines.

6.31 Methods

6.3.11 Equilibrium SpawningPopulation

Equilibrium models were used to calculate an estimate of the historic or
maximum number of Atlantic salmon and alewife in the Miramichi Riviédre
equilibrium spawning pagation is @fined as the population size at which the
components of the life cycle are in balance, such that the population is neither increasing
nor decreasing in size (Gibson and Myers 2004). The model is set up by splitting the life
cycle into multipké parts, each characterizing a measure of productivity that is influenced
by one of more life history parameters (e.g. fecundity, survival, etc.). The application of
these models is well suited to anadromous fishes like Atlantic salmon and alewives
becaue they have life cycles that are naturally split into two production stages; the

freshwater (egg to smolt/juvenile) and marine (adult) (Gibson et al. 2009).
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6.3.1.11 Atlantic salmon equilibrium model

We used a modified version of a model develdpe&ibson et al(2009)for
Atlantic salmon in the Tobique River, N.B. to estimate the equilibrium spawning
population ESR) in the Miramichi River. The equilibrium spawning population model
consists of two components, freshwater production (the relationship between egg
deposition and survival to 0+) and marine production (the relationship between adult
salmon and 0+ salmon). We acknowledge that the 0+ to smolt life stages occur in
freshwater and that marine production maybe better represented by the smolt to egg
deposiion phase, the data available was such that we had to include part of the freshwater
life cycle in the marine production component.

The freshwater production component begins by calculating the number of eggs
produced by a 0+ salmon throughout its |EY). This 0+ to egg model includes
survival from 0+ to smolt, the probability of maturing at-sge, sizespecific fecundity,

and survival between spawning events.
(1) $HD68. ( Z%)) .
in which

(1" )$0)) . ( (#/ 0129)8&6#/ 0478)9. [&5-4: -4

2@A6
6
< Z(#/ 0478-2: )°(#/ 0442) &s4: i5a ]

and,
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(I 'B)S0)) . ( (#/ 0123)8&e(#/ 0478) (#

?@A6

6
/' 9.) Z(#/ 0.4785a: )0(#/ Oua=) &sa: 35a:

wherec is the number of years spent at sea prior to maturity (for thisimedassume
that all fish mature after their second year at 9dg)s is the interstage mortality
between 0+ and smolt (0.982unjak and Therrien 1998 is the proportion of the
smolt population that is female (0.50; assuming a 1:1 male:femalératng)l MsealS
the annual mortality between smolt and one sea winter (LSW) salmon at sea (0.969;
Aprahamian et al. 2003, Cha2003),Mseaswis the annual mortality of a 1SW spawner
returning to spawn as a MSW (0.75; Chaput et al. 204&wswis the annual mortality
of a MSW spawner returning to spawn consecutively (0.40; Chaput et al. @@16}he
probability of maturing after one winter at sea (0.20; Chaput et al) 28083 the
proportion of the either firsime Prisw or MSW spawnersRusw) (0.136 and 0.254
respectively; Chaput et al. 1999, Chaput 204,03, the average fecundity of either 1SW
(f.sw) or MSW spawnerdysw) (see below for detailed fecundity calculatiorss} the
number of previous spawnings, a¥ds, is the freshwatespawner mortality rate (0.37;
Chadwick et al. 1978). This model assumes all repeat spawning is consecutive, with a
maximum of three consecutive spawning events.

As freshwater carrying capacity and maximum survival from egg to 0+ is density
dependent (Gison et al. 2009), the 0+ to egg model was rescaled )

(E%&' | #)Fgsc

(1 'O FDo&' P ( =




where! is the slope at the origin of the Beveridnlt function and describes the
maximum survival rate between adult and Bz, is the asymptotic dengibf 0+ parr
(number per /). The BevertorHolt stock recruitment analysis does not represent 0+
recruitment for the entire Miramich River (fesedatawerenot available) but rather
three tributaries (Catamaran Brook, Rocky Brook, Clearwater Brook) of the Little
Southwest and Southwest branches. These rivers were used as a proxy population,
assuming these values are representative of the population.

Freshvater productionYOY), the number of 0+ salmon produced from egg
deposition, is calculated by substitutiBgY*into the freshwater production model
described by Quinn and Deriso (1999)

. , E%&'P
S O =1

Fsec

The marine productionotnponent or equilibrium spawning population size
(ESR) is where freshwater production equals the inverse of marine production. Itis at
this point that the lifetime production of an adult by an adult is 1, such that the population

neither increases noedreases in size (Gibson et al. 2009).

/T

|I|
El—1/ #
(Fsee/ )

whereh is the available juvenile habitat in the Miramichi River catchment (54605300 m

(1) EBOKE (

Amiro 1983).

6.3.1.2 Alewife equilibrium model

The equilibrium spawning population okalives ESR,) in the Miramichi River
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was calculated based on Gibson and Myers (2003)

(! 'MEEBOK& (| KKQ:p QHORSy,-!

where SSByyis the lifehistory based, agstructured population dynamics model used to
calculate a spawning biomass of 20%ha equilibrium spawning biomass (Gibson and
Myers 2003) andiViag, is the average weight of an adult alewife (341.9g; Gibson and
Myers 2001, K.M. Samways, unpubl. data). Gibson and Meyers (2003) calculated the
SSBoyas

(EK&FR, 1/ #)Fy

(" TDEEKKQp (UL S

where! (slope at the origins themaximum rate at which spawners can produce
recruits at low population sizes aRglis theasymptotic recruitment levellhe rate at
which recruits produce spawners in the absence of fishing mortality (Fy{pRBs

based on alewife life history (Gibson and Myers 2003) with age 3 being the earliest age

of maturity.
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Here,SS is the number of spawners at agev, is the agespecific weightMaq andMjuy

are te instantaneous mortality rates for adult and juvenile fish respectivelyanthe

probability of maturity at aga. See Gibson and Myers (2003) for values used in the

calculation and a detailed explanation of the alewife equilibrium spawning biomass
We applied the average (pper and lower limits) proportion of blueback herring

in the Miramichi River gaspereau run (see Chaput and Atkinson 20BB5Rdo

estimate the equilibrium spawning population of gaspereau.

6.3.2L Marine-derived nutrient loading models

We used a mass balance approach to evaluate net matient subsidies from
Atlantic salmon and alewives to the Miramichi River. The general model estimates
MDN contributions as
(M"#FUEIM (- (mnopg< m%r< m%)) < m0stS)/ muvwbxstby
whereNCarcis the nutrient contribution from carcasses as a result of spawner mortality,
NExis the nutrient contribution from excretory products by live spawners while in
freshwaterNEggis the nutrient contribution from egdsMilt is the nutrient contribution
from milt, andNJuveniless the export of nutrients by juveniles emigrating from
freshwater to the ocean. Separate mass balance models were constructed for Atlantic
salmon and alewives to account for differences in lifeohysand spawning strategies

between species.
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6.3.2.11 Atlantic salmon MDN loading model

We estimated the MDN inputs from Atlantic salmon using a mass balance model
approach adapted from Samways and Cunjak (2015) and Johnston et al. (2004). As two
size groups of@mon return to the river, the variali?e;.{i), proportion of the population
that is small (0.68) or large (0.32) (Chaput et al. 1999, Chaput 2010), was used to account
for differences in MDN contributions associated with size. The mass of nutrient

contibutions from spawner mortalitNCarg) is
1+

(M#H)EBnnopq (0 44=%434- Z 847 (9) RS44=(9)
{, -

whereMsg is the freshwater spawner mortality (0.37; Chadwick et al. 19%8),the
grams of nutrient per gram of wet weid@t03 for nitrogen and 0.0047 for phosphorous
by wet weight; Lyle and Elliot 1998Nsg, is the number of spawners, aWWks(i) is the
average weight of either a small or large salmon (1.57 or 5.86 kg respectively; Reid and
Chaput 2012).

Atlantic salmon returnig to the Miramichi River exhibit distinct temporal stock
components, with earyun fish returning to the river from May to August 31, and-late
run fish returning from September 1 onwards (Chaput 2010). Because salmon spend
extended periods in freshwateithout feeding and excretion rates decline when fish are
not feeding (Vanni 2002), excretion rates measured over short periods may not be an
appropriate metric. Therefore, we used a comparison of weight to elemental composition
before and after spawnirtg model excretion rates (Durbin et al. 1979). Excretion rates

are a function of metabolism and not feeding (Wood 1995) and during spawning,
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metabolic rates of salmon can increase 61% for males and 8% for females (Brett 1995);
therefore excretion ratesedin our model were adjusted accordingly. The nutrient

contribution from excretory productSlExs) is

L+ /h+ o+
K!#. ) EBn%rn, ( (#/ 044=)$4$‘$ﬂ14=$ Z Z( RS.v (5333&): (33, ))
(-

A\~
where# is the % nutrient loss per weight during spawning (35.1% of N and 22.7% of P;
estimated from Jonsson et al. 1990 and Jonsson & JoR888nt is the amount of time
spent in freshwatekVisr is the gonadree weight for theth (small or large salmon) dn

jth (male or female) proportion of the population, &aghis the proportion of early or

late run fish (k; 0.55 and 0.45 early and late run, respectively; Chaput et al. 1999).

Gonadfree weight for small and large, males and females is

+ /1 a

(HBIRS. (B (| )| > &upr (ORSu=(9Furds® | [ D #/ ()
L

1
-
wherePs«(i,)) is the proportion of salmon in the population for a given sex/size (small
males, 0.798; largmales, 0.213; smafemales, 0.202; largeemales, 0.787; Chaput et
al. 1999, Chaput 2010) ar#{k) is the gonagsomatic index for either males (0.050) or

females (0.241) (Fleming 1996). As not all eggs successfully develop and hatch into fry,

the nutrient contribution from unsuccessful eddEdg) is
3+

(HOEN%)) 4 ( (#/ 044=)3 21 BEssrezraraer Z &7 (9% (9 |/ Ve
{’ -

where%is the grams of nutrient per gram of wet weight of an 8g2B3for nitrogen;

Johnston et al. 2004, and 0.014 for phosphordisdow et al. (2004)using the average
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egg weight of 939 and 0.300 g for small of small and large salmon respectively; K.M.
Samways, unpubl. datdgseciive FemaldS the proportion of eggs successfully laid (0.995;
K.M. Samways, unpubl. datag,is the total amount aggs produced by females of a

given size, anigygis the number of eggs that do not result in a smolt leaving the system
(modeled as-Nsmop. The total mass of egg&)(produced by females is based on the

work of Marshall et al. (1997) on Atlantic sadmfecundity in New Brunswick.

3+
(1SS ( Zbi Liaw 211ith (Vo O)g 2o (9RSeg (9
{’ -

whereFLd(i) is the fork length of either small or large salmon (small, 54.5 cm; large, 80.9
cm; Reid and Chaput 201B;emaieiS the proportion ofthe population that is female
(small, 0.213; large, 0.787; Chaput et al. 1999, 20Mi,s is the mean weight of an egg
from either small or large females (small, 0.19 g; large, 0.3 g; K.M. Samways, unpubl.
data).

NMiltsis the contribution of milto the nutrient pool, whefxfective maielS the
proporton of wet weight of testes lost during spawning (0.68; laltelClemensl959),
Usis thegrams of nutrient per gram of wet weigtitmilt (0.20 fornitrogen and 0.012 for
phosphorous based on ts@meN:P rato as eggs; see Johnston e2804) andPyae is
the proportion of males in the population of a given.size

(1 "1 )EBNOstS,

1+
( (#/1 044-)Bassrrsss Hoar B4 Z &7 (9) RSy4=(9Beg.7 (9 |H
{' -
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The mas of nutrients exported from the river by salmon smbligiyenilesmon
was modeled as
(' '#MEBnuvwbxstby_.. ( My._.. $7RS,. ..
whereNsmoiiS a densitydependent function that relates egg abundance to smolt survival
(seeJonsson et al. 1998, Cunjak and Therrien 1998), anslthe grams of nutrient per
gram of wet weigh(¢0.025 for nitrogen and 0.0045 for phosphorous by wet weight; Lyle

and Elliot 1998).

6.3.2.2 Alewife MDN loading model

The mass of nutrients contributed dgult alewife mortality N\Carc) was
modeled as
(! HT)EBnnopg, ( Mys=RRS\4=80P n4=-RFN
whereNag, is the number of spawnefd/irg, is the average weight of an adult alewife
(341.99; Gibson and Myers 2001, K.M. Samways, unpubl. ddigy,is the freshwater
spawner mortality rate (0.56; Kissil 1974, West et al. 2010is the nutrient content per
weight (0.0249 for nitrogen and 0.0042 for phosphorous, grams of nutrient per gram of
wet weight; Durbin 1979).

Nutrient contributions frondirect excretion | EXa) were modeled using the
excretion rate(() (0.00002471 for nitrogen and 0.00000217 for phosphorous, grams of
nutrient per gram of wet weight per hour; Post and Walters 2009).

(1 HWEBNYoR, ( (#/ 0 e ) D4 RRS4- RS NS
The mass of nutrients contributed from gametdsgg, andNMilta) was modeled

as
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(1 "U)EN%) N ( (#/ 0 g ) REMu-RIRNRSen 83
where), theaverage fecundity for a female was based on West et al. (2010), using a
mean fork lengthKL,) of 25.5 cm (Gibson and Myers 2001, K.M. Samways, unpubl.
data) and was calculated as

(1 "#)EY (BHWRXS,) / MIETM

Wigggais the mass of an egg (0.00012 g;3ivet al. 2010) ana is the nutrient content

of an egg (0.03312 for nitrogen and 0.003165 for phosphorous, gram of nutrient per gram

of egg; Durbin 1979, West et al. 2010). The nutrient contribution from milt was modeled

using the change in the masslod testesWitrrestes S€€ West et al. 2010) to estimate the
amount of milt released during spawning and was calculated as
(1" )$nostSy ( (#/ 0 N4=)$?$;WN4=$Q$?S> @76:76R3 N
whereWt+resedvascalculated as
(1"B)WRS, w76.76( (UHEHMR¥XS)/ .T'H!B
andya, is the quantity of nutriet per unit weight of milt (0.0394fer nitrogen and
0.0094950r phosphorousgram of nutrient per gram of milt; Durbin 1979, West et al.
2010).

The mass of nutrients exported from the river by yeofthe-year (YOY)
alewives NJuvenilegoy) was modeled as
(1 "CH)Enuvwbxsthy., ( Mu-REPY ;. VRS.;. N
whereProdyoyis the number of YOY that survive per spawner, taking density

dependence into consideration (63.9; Wastl. 2010). We feel this is a conservative

estimate given that other studies have reported juvenile production between 73.88 and
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781 juveniles per adult (Havey 1973, Walton 1987, Gibson and Myers 2003), whereas the
Mactaquac Headpond on the Saint JBiwer, which is an artificial environment created

as a result of damning for hydroelectric power, had an estimated juvenile production of
32.79 per adult (Gibson and Myers 2008)t,oyis average weight of YOY in the

Miramichi River (2.91 g; K.M. Samwaysanpubl. data ), anfla is the nutrient content of

YOY (0.0344 for nitrogen and 0.0058 for phosphorous, gram of nutrient per gram of

YOQOY; based on the same N:P ratio as the adults, see West et al. 2010).

6.3.3L Sensitivity Analysis

A local sensitivity analysigzas conducted on both the Atlantic salmon and the
alewife nutrient flux models to determine the relative importance of each model
parameter to the estimation of net nutrient contribution (Ellner and Guckenheimer 2006).
The sensitivity analysis measures fbercent change in the model output for a £10%
change in a given parametenth all other parameters held constafhe centred

distance estimate of net MDN flux is

CHFERS) L (UVRS )
U. 88 ( o

wheres is the sensitivity of the ndel in response to théh parametep; being adjusted,

(" H)S; (

and Y() is the net MDN flux calculated from the output of the model. This is a relative
measure of sensitivity among the parameters (i.e. the largest value has the most impact in

affecting net nutrient contribution).
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6.41 Results

6.4.11 Equilibrium SpawningPopulation

The equilibrium spawning population estimate for Atlantic salnk®F) in the
Miramichi River was estimated to be 1.6 million individuals, with a biomass of 4709
tons. For alewives, the estimated equilibrium spawning populd&i®R) was 12.7
million individuals or a biomass of 4327 tons. However, when blueback herring were
included, the estimated equilibrium biomass of gaspereau was estimated to be 6922
(x1300) tons or 2@5 (£3.8) million individuals. These equilibrium spawningpptation
estimates represent the optimum historic values prior to any significant human impact,
compared to recent spawning escapement estimates which are only 0.2% and 1.5% for
salmon and alewife respectively (79,970 salmon (DFO 2014) representing @¥liB8 t
2013; 300,000 alewife (Chaput and Atkinson 2001) representing 102.6 tons in 1996).
Including blueback herring, results in returns of gaspereau in 1996 that were 700,000
individuals (Chaput and Atkinson 2001) with an estimated biomass of 239.8rt8r&s6
(x1%) of historic estimates.

Using historical data to model changes at the population level can be problematic
(Myers 2000, Dayton et al. 1995), however this data is critical to many ecological
guestions. Comparisons between landings and escapéndétlantic salmon and
gaspereau (Fig.3) show that the degree of difference between the two metrics can be
large at times (e.g. 163 tons and 2987 tons, respectively), however they still serve as a

reliable proxy given the differences from historapplation estimates are orders of



magnitude greater (it should be noted that commercial fishing for Atlantic salmon ceased

in 1984 at which point landings consistently underestimate escapemet3kig.

6.4.21 Marine-derived nutrient loading models

Based onhe equilibrium spawning population estimates, Atlantic salmon would
have imported 189.7 tons of N and 17.7 tons of P, while only 0.5 tons of N and 0.08 tons
of P would have been exported through juvenile out migration. Alewife would have
imported 76.2 tom of N and 11.7 tons of P, whereas they would have exported 80.9 tons
of N and 13.6 tons of P. Including blueback herring resulted in gaspereau importing
121.9 ¢22.9) tons of N and 18.%8.5) tons of P and exporting 129424.2) tons of N
and 21.8€£4.1) tons of P. In general, Atlantic salmon appear to be net nutrient importers
and alewives (gaspereau) net nutrient exporters.

Nutrient loading estimates based on landings were less variable and generally
more conservative than those made using escapelatznt Nutrient contributions from
Atlantic salmon based on landings (122013) varied between 5.4 and 0.3 tons of N and
0.03 and 0.5 tons of P, representing between 2.8 and 0.16% of optimum historic nutrient
contributions, respectively (Fi§.4). Usirg escapement data for the same time, nutrient
contributions were between 6.2 and 1.1% of the optimum historic estimates (12.4 and 2.2
tons of N and 1.2 and 0.2 tons of P) (Fgk). Using either landings or escapement
metrics, nutrient exports did not@ed 0.04 tons of N and 0.007 tons of P.

Gaspereau would have imported 38.1 to 43.2 tons of N and 6.0 to 6.6 tons of P
between 1982 and 1996 using landings data as a proxy, whereas imports varied between

45.1 and 91.6 tons of N and 6.9 and 14.0 tonslzdded on spawning escapement (Fig.
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6.5). This equates to 23.8 to 26% and 27.0 to 42.9% of optimum historic nutrient
contributions from gaspereau, relative to landings and escapement data respectively.
Nutrient export estimates based on landings varetaden 41.3 and 45.9 tons of N and
7.0 and 7.3 tons of P (Fi§.5). Escapement data resulted in nutrient exports between
48.0 and 97.2 tons of N and 8.1 and 16.4 tons of P.

Marine-derived nutrient loadingstimates based on historic landings depict
different trends through time. For Altantic salmon, nutrient imports were still relatively
high in the early 18000s (as much as 66.5 tons of N and 6.2 tons of P), falling to 2.8 and
0.3 tons of N and P respectively by the closure of the Atlantic salnmomeccial fishery
in 1984 (Fig.6.6). With gasperau, nutrient imports in the fB00O fell to low 1.2 tons
of N and 0.2 tons of P (Fi§.7). Unlike Atlantic salmon, the gaspereau population was
able to recover and nutrient inputs reached an estimagbdrhil953 of 77.6 tons of N

and 11.9 tons of P, and another high in 1980 (66.3 tons of N and 10.1 tons of P).

6.4.3L Sensitivity Analysis

For the Atlantic salmon MDN nutrient loading model, large salmon fork length
and egg weight (wt), were the most sensitivepeeters, with sensitivities of 2.89 and
1.51, respectively (Tabkel). There were seven more parameters that had sensitivities
of 0.98 and seven more parameters with sensitivities ranging from 0.91 to 0.51. The
proportion of small females had a smaitpact on the model (sensitivity of 0.25), with
sixteen more parameters having little impact on the model (Table 1).

For the alewife MDN nutrient loading model, juvenile survival and juvenile

weight had greatest impact on the model (sensitivities of M@D A1, respectively
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(Table 1). Juvenile P concentration, which is affected by juvenile weight, was also quite
sensitive (0.91). Four other parameters had sensitivities between 0.87 and 0.61, while 12

parameters had only a slight impact on the modd}|€Ta).

6.51 Discussion

Atlantic salmon and alewives in the Miramichi River have undergone precipitous
declines from the pr&8" century populatiofevels that once existed. The use of
commercial landings was not intendedd¢presenexact figures, but rather a relative
metric of change in biomass and population size for Atlantic salmon and alewives in the
Miramichi River. The estimated current levels of MDN from Atlantic salmon and
gaspereatn the Miramichi River are at 2and3.3% of historic levels, respectively.

This reduction began in the mid 17700s with the onset of commercial fishing, with peak
harvests in the mid 18800s, as well as high harvests of gaspereau in 1939809zad
2002. The cumulative loss of MDNs fronstaricalequilibriumpopulation estimates for
N and P i303.3and35.4tons respectively. This loss of MDNs in the Miramichi River
is only reflective of Atlantic salmon arghspereaualbeitthese speciesre the most
abundant in terms of biomass/nuttie

The annual influx of spawning salmon and gaspereau constitutes a substantial
contribution of MDNSs to the Miramichi River catchment. However, the outmigration of
smolts and especially juvenile gaspereau, results in nutrient export that exceeds net
import. Collectively, salmon and alewives historically would have contrib8f€ld6tons
of N and36.4tonsof P to the Miramichi River, bigaspereaare net nutrient exporters,

making nutrient contributions.29.9tonsof N and-21.9 tons of Pan overdlnet loss to
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theriver system. Even when considering other anadromous fishes, the results (i.e. a net
export of nutrients) would likely be the sarRainbow smelt and sea lamprey are two
other anadromous species commonly found in the Miramichi Rivelaset on their
life histories,would be net nutrient importers. Blueback heriamgl American shadave
a very similar life history to alewives making them nutriexgorters. Striped bass are
another common anadromous species found in the Miramichi,Riwegiven that they
spawnnearthe head of tide, they contribute little to freshwater productivity. Combined,
anadromous fishasould deliver MDNs spanning the entire year, with two peak periods
of MDN inputs §pring and autumrkig. 6.8) and historiclly would have likely resulted
in amore balancethput of nutrients to the systerdriven by the historically large
salmon biomassUnder such a scenario, we believe that a positive feedback loop existed
in the Miramichi River whereimcreasing numbersf returning adults transped more
MDNSs, thereby driving increased freshwater productivity and subsequently increasing
recruitment (Wipfli et al. 2003). The ecological effects of MDNs from multiple
anadromous species may act in an additive or synergisthner to maintain freshwater
productivity and richnessThe capacity for anadromous fish populations to recover from
perturbations imposed by overfishing and stream disturbance is likely impaired by the
declining nutrient status of their nursery streamhich may result in a decrease in the
resilience to recover.

Diminishing anadromous populations anunulative losses in MDN#&ave likely
shiftedthe nutrient balance, leading to declines in freshwater productivity and species
diversity. This procesbas been described as a negative feedback loop (Achord et al.

2003, Wipfli et al. 2003) We argue that this is in fact Opositive feedbackO and not
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Onegative feedbackO as it is a process that destabilizes rather than skeitre
feedbacks resuftom mechanisms that counteract perturbations and shift populations in
the direction of equilibrium (e.g. resource limitations and other negative density
dependent processes). The processes that lead to positive synergies, such as mutualistic
interactions positive density dependence (e.g. Allee effects), and synergies (e.g. MDN
subsidies) are prime examples of positive feedback, because when perturbed, the
perturbations tend to grow rather than dampen, which is indeed the concern.

Annual pulses of MDNs to freshwater ecosystems by anadromous fishes
constitute an ecologically important energy and nutrient subsidy to rivers, having
ecosystem wide effectd.arge, infrequent MDN pulses, such as those from Pacific
salmon are known to inease productivity, species richness and abundance (Wipfli et al.
1998, Chaloner et al. 2004, Wipfli et al. 20RXegg et al. 2012¢vi et al. 2013).
Temporal MDN pulses from Atlantic anadromous fishes are also known to be very
important to freshwatercesystems (Durbin et al. 1979, Jardine et al. 2009, Nislow and
Kynard 2009, Walters et al. 2009, Samways et al. 2015, Samways and Cunjak 2015).
Cumulatively these individual pulses may have been as large, at least historically, as
their Pacific counterpis.

With the significant decline of anadromous populations, the once much larger
spatictemporal MDN pulses have been diminished into a series of smaller, infrequent,
and/or disrupted MDN pulsesich as observed in the Miramichi syst@hy. 6.8).

Webe and Brown (2013) demonstrated that the magnitude of nutrient availability and
freshwater production was generally greater in pulsed rather than continuous subsidy

systems.Having multiple anadromous species spawning in the same river increases the
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frequency and magnitude of MDN pulses, maximizing the productivity potential of the
river. Atlantic anadromous fishes are commonly viewed as functionally indepeadent
many studies involving Atlantic MDN inputs focus on single species interactions (e.g.
Durbin et al. 1979Nislow et al. 2004, Nislow and Kynard 2009, Walters et al. 2009
However their relatedness and potential interdependence may play a bigger role in
freshwater productivity than previously thoughtutrients from anadromous fishes may
arrive at a critical period of increased metabolic and freshwater productivity is declining
(Hall 1972). Spatictemporal spawning and life history strategies of Atlantic anadromous
fishes ensure thaubsequent cohorgse well matched ttavourable survivatonditions.

The loss of anadromous fishes and their ecosystem functions can result in a
decrease in the resilience of the ecosystem to recéviarge adult biomass means
increased MDN subsidies, serving as a mechanism of resiliency in freshwatst@nss
(e.g. productivity and richness) by maintaining balanced nutrient (8ad®m et al.

2009) Significant reductions in salmon and alewife populations fE8Restimates
(98% and 88%, respectively) in the Miramichi River have greatly reduced MDN
availability by two orders of magnitudeThe loss of all or many anadromdighes
results in a decrease in the recovery potentiahgkingle species (i.e. Atlantic salmon)
(Worm et al. 2006).

A strong spawning class is expected to sustain recruitamehtontribute to
subsequent strong year classes (Secor 2007). Most Atlantic anadromous fishes are
iteroparougScott and Scott 1988allowing adults to survive over long periods,
producing overlapping generatiomsidan accumulation of adult biomasthe MDN

biomass potential stored in a large adult biomass helps to ensure future recruitment.
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In many ecosystems, natural drivers of ecosystem function (i.e. nutrient loading)
have been replaced by human activities. Anthropogenic nutrient inputs ftdineiie
and agricultural roff, animal waste, industrial effluent and sewage disposal can
constitute a significant source of nutrients, and potentiafiace natural nutrient
subsidiegPolis et al. 1997, Nixon 2003)Despitethe sizeof the MiramichRiver basin
(14,000km?), most of the human populaticend theindustrial and commercial activity
are locatecdround the estuary, therefore not a likely significant soofrceitrient loading
to the river Forestry on the other hand, is ubiquitous dlgfut the region and has the
potential to be the largest influence on nutrient loading in the catchment. Between 2001
and 2014, an estimated 1,779%awh forest(12.7% of the catchmentjas harvested,
primarily following the practice of clearcutting (Fi§.9) (Hansen et al. 2013, Linke et al.
2017. Studies have shown that clearcutting adjacent to waterways, even with buffer
zones, can increase the concentration of dissolved nutrients (&gNRD, PQy) in
stream waters (Jewett et al. 1995, Sward.e2001), although increases can be short
lived (LSfgren, et al. 2009) or even absesndn thougtsignificant proportion of the
catchments were cleaut) (Palviainen et al. 2015). Based on harvest ratéee
Miramichi River catchment from 20€2014and nutrient leaching estimates from
forestry practice¢seel epist 2007,Lsfgren et al. 2009), forestrgctivities mayhave
contributedbetween 7.4 to 35.6 tonnes of N and 0.08 to 1.1 tooineper yearover that
period This representgs much as Bmes the amount dfl and twice as much P
currently being deliveredy anadromous fisheget only 2% and4% of the historic

marinederivedN and P inputsrespectively. Although forestry is contributing to the
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overall nutrient load of the river systeihgdoes not appear to be enough to replace the
nutrients lost from declining anadromous populations.

Using equilibrium models based on staekruitment parameters allowed us to
estimatethe adult biomass dttlantic salmon and alewife populationsthe Miramichi
River prior to exploitation (i.e. recruitment and mortality are equal). Changes in some of
themodelparameters coulsignificantly affecthe equilibrium population estimateBor
example, a 2% increase insga survival would doublke equilibrium population
estimate.However, these equilibrium population estimates are still orders of magnitude
greater than the current populations and therefore conclusions drawn from the decline in
nutrient contributionstill apply. Similarly, theMDN nutrient loading models had many
life-history parameters that were sensitive to changes in theirsvahieen thathe
values used were based on estimates from the recent era, they are likely conservative
sincemany of these parameters were muclhnérdistorically. For example, in the
Atlantic salmon MDN loading model, sixeas asensitiveparameter In the 18000s a
salmonthat was in the 8 kg range was considered a grilse or OssafionO (Perley
1852)whereas Reid and Chaput (2012) recerglyn@ated large, or MSWish from the
Miramichi River as having an average weight of 5.86 kg. As salmon were much larger
historically, their nutrient contributions and relative importance would have been even
greater than estimatesing our models

The dory of population decline and the potential ecololgicthin the Miramichi
River is unfortunately, not unique, but rather common anmmogt Atlantic rivers. With
systems thatnay have been dependent on MDN subsidies to maintain elevated levels of

productivity, have we reached a point where populations can no longer rec&eer?
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establishing anadromous fish populations (e.g. supplementation programs,
reintroductions) could lead to enhanced ecosystem functioning and may serve as a
recovery tool fofreshwater ecosystems (Samways and Cunjak 20RBrent recovery
strategies in Atlantic Canad&ers are attempting different approaches suaielaasing
mature adults to spavef their own volition inrivers and thereby provildg much needed
MDN s to these systems to help stimulate productivity and increase recruitment success
(Clarke et al. 2016).

Historical dataanalysids a powerful tool that can be used to better understand
ecosystem changes that have occurred through tdae understanding of MDNs as an
ecological driver of community structure and dynamics will improve as we shift our
focus from the recovery of a single species to the recovery of an ecosyatam.the
vast geographical area and taxonomically complexreatiithe Miramichi River system,
theprocesses identified here, at the catchment scale, mayregttesent the lonterm

and/or largescale biodiversity changes that have taken peoéyoak et al. 2005)
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Table 6.1. Results of the sensitivity analysis wherg represents the percent change

in the model output for a £10% change in a given parameter.

Atlantic Salmon Alewife
Parameter S Parameter S
Large Fork Length 2.8857696 Juvenile Survival 0.9851330
Large Egg Wt 1.5142193 Juvenile Wt 0.9140893
Number of Adults 0.9760975 Juvenile P Concentration 0.9137931
Proportion ofSmallAdults  0.9758489 Adult P Concentration 0.8711285
Egg N Concentration 0.9758386 Juvenile N Concentration 0.8343023
SmallAdult Wt 0.9757943 Adult N Concentration 0.7884054
SmallEgg Wt 0.9756734 Adult Mortality 0.6131067
Proportion of MaleSmall 0.9756725 Excretion Rate of N 0.1770436
Fecundityof Large 0.9755914 Time in Freshwater 0.1394455
Egg P Concentration 0.9755156 Fecundity 0.1392202
Smolt Survival 0.9090909 Excretion Rate of P 0.1018474
Smolt N Concentration 0.8823529 Adult Wt 0.0310986
Smolt Wt 0.8634146 Number of Adults 0.0307876
Smolt P Concentration 0.7222222 Egg N Concentration 0.0244031
Female GSI 0.6215250 Egg Wt 0.0198426
Adult Mortality 0.5727814 Egg P Concentration 0.0152784
Effective Female 0.5123531 Milt P Concentration 0.0117458
Proportion of Femal&mall 0.2469078 Milt N Concentration 0.0101442
Adult P Concentration 0.0005649 Wt Change in Testes 0.0050721
Time in Freshwater 0.0002873
LargeAdult Wt 0.0002698
Proportion of Large Adults 0.0002486
Adult N Concentration 0.0002336
Early/Late Run 0.0002332
Excretion Rate of P 0.0001273
SmallFork Length 0.0001126
Excretion Rate of N 0.0000636
Fecundity ofSmall 0.0000570
Proportion of Female Large 0.0000398
Milt N Concentration 0.0000213
Effective Male 0.0000211
Milt P Concentration 0.0000210
Proportion of Male Large  0.0000201
Male GSI 0.0000182
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Figure 6.1. Map of the Miramichi River catchment, New Brunswick, Canada

showing its size andaccessibility to anadromous fishes
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Figure 6.2. Atlantic salmon (diamond symbols and black line) and gaspereau
(collective term for alewives and blueback herring) (square symbols and blue line)
landings, in the Miramichi River. Values with associated error bars represent the
maximum and minimum landing estimates surrounding the mean (symbol) as
historic data for these time periods was commonly recorded as a range rather than
absolute values.
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Figure 6.3. Figure 3: Landings and escapement for a) Atlantic salmon aniol)
gaspereau. Diamond symbols with the solid black line represent landings. For
Atlantic salmon the triangles with solid blue line represent total salmon escapement,
circles and large dashed grey line represents orsea winter spawners, and the
squares and small dashed light blue line represents muksea winter spawners. For
gaspereau the triangles with solid blue line represent total gaspereau escapement,
circles and large dashed grey line represents alewife spawners, and the squares and
small dashed ight blue line represents blueback herring spawners.

&
&
%'!"
%"
$
Rl

#I!ll
#"

+,-./01"2.-34/"5,4/67"

G SR S W ) L)) |LE5) A I TR ST Y7 o

ne
(n -
e

&

ATTRS

g

8.69:;:..< "5,4/67"

#urm

B o e ) e ) (e i

21¢



Figure 6.4. Comparison of the estimated nitrogen and phosphorous flux from

nutrient loading models between Atlantic salmon landings and escapement data i

the Miramichi River.
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Figure 6.5. Comparison of the estimated nitrogen and phosphorous flux from

nutrient loading models between gaspereau landings and escapement data in the

Miramichi River.
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Figure 6.6. Estimated nitrogen and phosphorous flux from nutrient loading models

based on Atlantic salmon landings in the Miramichi River. Virgin stock refers to

nutrient imports/exports based on the equilibrium spawning population estimates.
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Figure 6.7. Estimated nitrogen and phosphorous flux from nutrient loading models

based on gaspereau landings in the Miramig River. Virgin stock refers to nutrient

imports/exports based on the equilibrium spawning population estimates. Values

with an asterisk (*) refer to the mean nutrient imports/exports based on the

equilibrium spawning population estimates. Minimum and maximum around the

mean are, 99.1 and 144.8 ton N imported;5.2 and 22.2 tons P imported; 105.2 and

153.8 tons N exported; 17.7 and 25.9 tons P exported.
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Figure 6.8. Conceptual representation of relative mane-derived nutrient (MDN)
inputs to a river from rainbow smelt (dark blue), alewives (yellow), sea lamprey
(light blue), and Atlantic salmon (red). Shaded areas represent the relative
contribution over their freshwater residency, with the dark areas indcating the
period of spawning. Dashed lines represent this relative contribution in a historical

context.
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Figure 6.9. Distribution of active harvest plots across the entire Miramichi River
catchment between 2001 and 2014; includes all industrial freehold, public, and

private land (based on Hansen et al. 2013 and Linke et al. 2017).
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Chapter 7

Synthesis
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7.1 Significance of Dissertation

The ecological effects of anadromous fishes on freshwater ecosystems are
difficult to fully comprehend andequire field, experimental, and historical data
evaluationto fully explore the questionMultiple factors have led to declines in returns
of anadomous fishes (Limburg and Waldman 2009, Hall et al. 2012), reducing the
supply and uptake of marirderived nutrients (MDNs)Stockner et al. 2000, Stockner
2003). Effects of MDNs have been primarily considered from the perspective of Pacific
salmon (Billy et al. 1996, Wipfli et al. 2002, Chaloner et al. 2004), with much less
consideration given to Atlantic anadromous fishiéisipw et al. 2004, Post alalters
2009. My dissertation research emphasized that the relative roles of Atlantic
anadromous figgs on driving and regulating freshwater food webs is dependent on both
life-history dynamics and the synergistic effects of multiple anadromous species present.
| present evidence that anadromous fish affect the quantity (i.e. increased biofilm
production) as well as the quality (i.e. increased lipid stores and essential fatty acids) of
foodresources, as well as the mechanisms and trophic pathways of uptake and transfer.
The following conclusions are presented to answer the research objectives ontlined i
Chapter 1.

1)! With exposure to MDNs, algal, fungal, and bacterial communities exhibited

general growth patterns, which wéaegely maintained through the year.

2)! The pathway of MDN incorporation into freshwater food webs differed

depending on the anadromaecies spawning and the diet of resident
salmonidsshifted to a diet high in MDNs during the period of anadromous

fish spawning.
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3)! MDNs from spawning Atlantic salmon relieved Obottg® constraints and
stimulated productivity.

4)! Access to marine subsidiexlito increased lipid stores in all trophic levels
(biofilm, macroinvertebrates, salmon parr) and the incorporation of essential
marine fatty acids.

5)! Precipitous declines in fish populations have resultechiet loss in MDN
loading to a point that may donger sustain elevated levels of productiyity
inhibiting the production and/recovery of anadromous fish populations.

In this study, biofilm communities followed a general predictable response pattern
to MDN inputs, regardless of the species of anadrmfish present (Atlantic salmon,
alewife, rainbow smelt, or sea lamprey), spawning strategy employed, timing of subsidy,
or MDN load being delivered. Within the biofilm matrix, the seasonal maxima (period
before decline) of algae varied by species oflamaous fish present, whereas the
seasonal peaks for fungi and bacteria were generally synchronous with the period of
spawning. Although spawning rainbow smelt resulted in a net increase in biofilm
biomass, a maximum accumulation threshold was reachpdelgxrease in spawning
density. Exposure to anadromous fish lead to a predictable relationship between the
increase in primary productivity and the amount of MDNs delivered.

Stable isotope analysis demonstrated that all trophic levels (i.e. biofilm,
macroinvertebrates, fish) incorporated MDNs when exposed to spawning anadromous
fishes. This isotopic responsasoprovides additional evidendkat increases in bidf
production and productivitwere the result dfiDN incorporation rather than an

alternative nutrient source and/or ecological procéhe magnitude and temporal pattern
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of isotopic enrichment differed depending on the timing and spawning strategy of the
anadromous fish present. Where MDNs where present peak isotope enrichments were
syndironous with the period of spawning, a general pattern observed for all trophic
groups, with the exception of Pteronarcyidae shredders for which there was no observed
MDN incorporation. SIAR (Stable Isotope Analysis in R) mixing models demonstrated
that he diet of top aquatic predators (e.g. brook trout) relies heavily on MDNs, even
when other resources are abundant.

Exposure to MDN resources from spawning Atlantic salmon led to improved
nutritional quality for all biota, as indicated by increased lipidess and incorporation of
marinefatty acids. Increased lipid reserves were observed in all trophic levels (biofilm,
invertebrates, and salmon parr) with the greatest increases occurring in the invertebrates.
The availabilityof this new resource, relaely enriched in marine lipids (e.g. salmon
eggs), resulted in changes in the nutritional and chemical composition of the available
foods as a result of uptake of MDNOs. These results demonstrated the existence of MDN
effects on consumer condition at rtiple trophic levels.

Atlantic salmon and alewives in the Miramichi River have undergone declines
from the pre18th century pristine populations that once existPde-exploitation
population estimates allow us to appreciate how far presgnfreshwadr productivity
has shifted. By combining historical records, we were able to estimate MDN
contributions and how much has been lost through overexploita@iolectively,
salmon and alewives historically would have contributed 260.92 tonnes of N 88d 28.
tonnesof P to the Miramichi Rivenwhereas currently thestimated levels of MDN from

Atlantic salmon and alewives are at 2.9 and 23.7% of hisevels, respectivelyWhile
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Atlantic salmon are net nutrient importergveives are net nutrient exgers,resulting

in an overall net loss to the system. Historically these and other anadromous fishes (e.g.
rainbow smelt, sea lamprey) would have spawned in the same river in a given year,
resulting in an overall net import of nutrients to the systenthodigh the focus of these
equilibrium biomass estimates was limited to Atlantic salmon and alewives, the findings
indicate the magnitude of MDNs lost. The general conclusions about declining
productivity and effects on anadromous populations are widelcaple to maritime

rivers.

7.2 1s Nutrient Enrichment the Only Ecological Role of Anadromous Fishes?

Anadromous fisesare importanecosystem engineers, modifying habitat,
community structure, and ecosystem processes (Moore and Schindler 2004, Tiegs et al.
2009). The ecological impacts of anadromous fish are complex due to their modification
of benthic habitats during spawning, as well as uptake and incorporation of their nutrient
contributions via multiple pathways. During spawning anadromous fish caifyrtioel
sediment size and bed load of rivers (Kondolf and Wolman 1993), flocculent transport
(Rex and Petticrew 2010), abundance of biofilm and invertebhatigdli(et al. 1998,
Chaloner et al. 2004, Lessard et al. 20@#ning of insect emergence (Moaaad
Schindler 2010), metabolism (Samways et al. 2015), and nutrient transformations (Levi et
al. 2013). The processes of nutrient enrichment and disturbance can occur
simultaneously, whereas biofilm biomass can be reduced, while nutrient concentrations
increase, switching the metabolic balance of the system (Holtgrieve and Schindler 2011).

Anadromous fishes play ecological roles that go beyond supplementing freshwater

22€



ecosystems with MDNs.

7.3 Management Implications

With overexploitation of freshwater eca$gms occurring many decades before
guantitative assessments, we must rely orhligory based models to estimate historic
populations, still it is hard to imagine what historic levels were truly like (Humphries and
Winemiller 2009). Because of this eatists and resource managers may perceive that
the stock characteristics that existed when they began theirs careers to be the reference
condition. Thus, they may be deceived by shifting baselines and accept that degraded
and unsustainable conditionstbé immediate past reflect those of the distant past (Pauly
1995). Using Atlantic salmon in the Miramichi River as an example, it is clear that the
1980049900s (Fidh.2) are not a high point in the populationOs history, yet this is the
period often demed to be the baseline to which conservation targets are set (DFO 2012).
Without an adequate understanding of past conditions, the ability to set meaningful
targets and management strategies is subject to failure. The effects of historical loss of
speces and their affect on food webs must be recognized in order to restore aquatic
ecosystems.

Attempting to conserve and/or mitigate fish populations without a clear
understanding of the interplay and role MDNSs play in sustaining productivity will waste
time, money and other resources. Restoration strategies focused on a single species may
not be as effective as including multiple anadromous species. Anadromous fish maintain
the onnectivityamong systems, thereby presenaugsystem resilience and functso

of great ecological value (Helfield and Naiman 200Zarious attempts have been made
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to supplement the loss of MDNSs in streams. Inorganic fertilizers have been shown to
increase primary production and invertebrate denBigyr(n et al. 1987, Sabater et al.
2005,Wipfli et al. 2010); however, this positive response does not reach juvenile
salmonids (Wipfli et al. 2010). This may because inorganic fertilizers lack the earbon
based macromolecules (e.g. fatty acids) thatrex@rporated by consumers (Wipfli et al.
2010). Carcass additionBilpy et al. 1998, Wipfli et al. 2004, 201@nd carcass
analoguesWipfli et al. 1998 2003 2004 Guyette et al. 2013, 201g¢nerally benefit
biofilm, invertebrates and fishes and hawrailar response to MDNs from spawning
runs Minakawa and Gara 1998cheuerell et al. 200.7Therefore, in order to maintain
ecosystem function and productivity, it is critical to include MDNseféective

ecosystem management and river restoratiotegfies.

7.4 Future Directions

My dissertation research provides evidence of the importance of MDNSs in
shaping biofilm communities, food web dynamics, dietary and physiological
requirements, nutrient budgets, and historic importance, in understanding tloasalati
between anadromous fish and freshwater productivity.

Research on systems influenced by anadromous fishes would benefit from a more
holistic study approach such as that of my dissertaftmtermining how pulsetharine
nutrient subsidies permeatedugh food webs and influence ecosysteotess and
functionis a significant challenge in ecology (OstfalddKeesing 2000).The responses
of nutrient enrichment were quantified over short time intervals, however it is important

to determine whether fefcts persist within and across years. Slavik et al. (2004)
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demonstrated that changes to community structure from nutrient enrichment requires
many years, well outside the scope of many MDN studies.

Direct measures of primary production responses to MiExsonstrate an
increase ofn situ productivity with anadromous fish spawning. There are a limited
number of studies directly addressing whether sstlle increases in biofilm biomass is
relevant to higher trophic level production (see Tiegs et aR)200argescale studies of
energy flow, spanning multiple years are needed to evaluate the responses of biomass and
production of higher trophic levels and better understand the magnitude and persistence
of MDN effects.

Fishrequireessential fatty acids (FAs). Anadromous figliver many of these
essential FAs to freshwater ecosystems during their spawning migrBecause these
FAs are required by vertebrates for normal, healthy survival, they may limit production at
higher tophic level§Budge et al 2014). Given that juvenile anadromous fish would
always be exposed to MDNs and these essential FAs, but due to population declines and
extirpations, many systems no longer receive these subsidies. Could this be a reason why
stoking programs fail? Many salmon stocking programs have gone to stocking unfed
fry. These juveniles are now being placed in a river that no longer has a reliable source
of these FAs. Have these systems that once relied on marine subsidies, lost the
mechaisms and/or functions to provide what is needed? How do fishes not exposed to
MDNSs acquire these FAs? Much is known about the synthesis of these FAs in marine
phytoplankton, but far less in know about the synthesis in freshwater systems.

Elucidating the interactive effects of MDNs from Atlantic anadromous fishes can

enhance our capacity to understand their ecological role. In this dissertation, | have
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provided many new insights into the importance of MDNSs to freshwater productivity in
Atlantic rivers. However, there are still many aspects of mantrgent subsidies and
anadromous fish ecology that require additional focus in the future in order to fully

understand how MDNs affect freshwater food webs.
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Appendix 1

Net increase estimation

Seasonal productivity was estimated as the area betweep-ttied downrstream
algal biomass curves (Appendi®.3) usingthe trapezoid rule. The weighted average of
downstream and upstream algal biomass values gives an estimate of the area between the
two curves for the period between those two sampling events. Summing all the areas
gives an estimate of seasonal produtstif®) between the two curves.

P

%

Wheren represents the number of sampling events, t is the sampling event for &'given i
interval, and C is the difference between the downstream and upstream algal biomass
values. Seasonal productivity standard deviat®in) is the square root of the sum of

the squared first term multiplied by the square of the mean standard deviation.

(Z(% ($)°(" S 2>0>0

Wheren represents the number of sampling events, t is the sampling event for &'given i
interval, andSD € is the standard deviation of the difference between the downstream

and upstream algal biomass values.
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Appendix 2

Area bounded by 2 algal abundance curves and the representative trapezoids
between two sampling intervals (i.et; and t;) used to estimate net increase in a
downstream area of a river receiving marinederived nutrients from spawning

anadromous fish.

® Downstream
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Appendix 3

Mean (SD)! °C and! *N (&) isotope values for samples collected from all rivers

for both upstream and downstream sites. Highlighted regions indicate periodsf

spawning.
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