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Abstract
Pacific salmonids are thought to provide a vitdrient link between the ocean and their natal
streams. However, most of what is known about tidogjic role of salmonids in their natal
ecosystems is derived from coastal maritime ingatitns. Appropriately mitigating for the
decline of returning salmonids to inland ecosystesgsiires understanding the
biogeochemical responses of these ecosystems tlefusition of salmon born nutrients,
particularly within riparian ecosystems where temsarid climatic conditions of this region
may have the greatest influence on these biogeachErasponses.

The terrestrial decomposition of salmon carcaaseshe subsequent release of
carbon and nitrogen in an inland semi-arid envirentras well as the influences of freezing
and heat treating salmon carcasses for diseaggation was evaluated. Decomposition
proceeded rapidly in this semi-arid climate ovengdany overall influences of the disease
mitigation methods on decomposition time or soiboa and nitrogen accumulation. A
notable finding was a 4 %°N enrichment of the carcass fluids entering the selative to
whole carcasses. This alteration of isotopic ratias direct implications on isotopic mixing
model estimates of soil and vegetative marine @érivutrient composition.

The soil biogeochemical responses to the depasiti@nadromous fish carcasses in
riparian forests of central Idaho were investigatad the soil loading of carbon and nitrogen
per fish carcass estimated. This investigationakgedramatic increases in soil carbon and
nitrogen chemistry that far exceeded and persisteger than reported responses in coastal
ecosystems. However, the carbon and nitrogen Igagtimates were only able to account
for a small portion of the carbon and nitrogenhie tish carcasses.

The annual and inter-annual responses of ripaegetation to the deposition of
anadromous fish carcasses in riparian forestsriafalddaho was investigated. The
investigation revealed that herbaceous specieguiahly utilize carcass nutrient subsidies
but that the nutrients are depleted within twohi@é years. Conifer seedlings appear to have
a much higher resource acquisition and storagecags foliage produced three years after

carcass nutrient additions contained large quastdf marine derived nitrogen.
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Chapter 1

Introduction to the Dissertation
Biotic influences on ecosystems

Organisms are capable of directly and indirectfiuencing the productivity of their
environment. Examples of this influence includa@ases in grassland productivity through
herbivory driven soil nutrient processes (Singat 8ohoenecker 2003) and predator-prey
induced soil nutrient hotspots leading to increassgktative productivity and changes in
biodiversity (Bump et al. 2009, Towne 2000). Pacg#almonids are thought to be particularly
influential due to their ability to transfer largeantities of nutrients over considerable
geographic distances and across multiple ecosystemdaries (Gresh et al. 2000), for
example, from aquatic to terrestrial riparian esteys (Koyama et al. 2005, Helfield and
Naiman 2006). However, nearly all of what is untterd about the ecosystem responses to
salmon nutrient subsidies derives from investigetim coastal maritime ecosystems where
salmon abundance remains relatively robust (NR@G)L88d the ecosystems highly
productive (Grier 1979). By contrast, salmonidséhhistorically returned to vastly distant
inland streams (NRC 1996) where the climate andymtivity of these ecosystems can be
drastically different (Koyama et al. 2012, 2010020Stephan et al. 2012; Moore and Mika
1991). This prompts the question of how these serdiinland riparian ecosystems respond

to salmon nutrient subsidies.
Pacific salmonids in the Pacific Northwestern USA, British Columbia, and Alaska

Pacific salmonids are thought to be a substantialent vector between the ocean and inland
ecosystems (Gresh et al. 2000). For example, saiimointhe Pacific Northwest have
historically migrated up to a 1000 km from theitalastreams to the ocean (NRC 1996)
where they gain 90% or more of their adult body sr&ende et al.2004, 2002) before
returning to their natal streams to spawn and dmute their nutrient laden carcasses to these
ecosystems (Cederholm et al. 1999). In coastalystarns, salmonids returning to their natal
streams are preyed upon in great numbers by b@aisr( et al. 2009, Quinn et al. 2003) as
well as by wolves (Adams et al. 2010) and othevargers (Cederholm et al. 1989). The fate
of the nutrients from these salmon may be partigulenportant for the productivity of

riparian ecosystems. The proportion of the salnunbeing predated upon by bears alone has



been reported to range from 40% to over 80% opthmulation (Quinn et al. 2009), with up
to 80% of the salmon preyed upon by bears poténtrainsported into the riparian forest
(Gende et al. 2004, Quinn et al 2009). These csesaare often only partially consumed
(Gende 2004, 2001), leaving the remainder of theass to decompose and release their
nutrients stores. The transfer of nutrients throtihghmetabolic wastes of predators and
scavengers (Cedarholm et al. 1989, Hilderbrandl 4989) as well as through hyporheic flow
(Pinay et el. 2009, O'Keefe and Edwards 2003) ladaebeen reported as pathways of
nutrient transfer into riparian forests. Togethmse nutrient transfer pathways are thought to
create spatially heterogeneous gradients of stilemi availability reaching hundreds of
meters into the riparian forest (Bartz and Naim@@5? Drake et al. 2005, Gende et al. 2007,
Gende et al. 2004, Hilderbrand et al. 1999).

The transfer of salmon nutrient into coastal ligraforests has been associated with
several soil biogeochemical responses (FigureHg.most dramatic of these responses are
associated with the deposition of salmon carcadsrathude an increase in soil inorganic
nitrogen (N) by up to 60 fold within 8 weeks of cass deposition before declining to
reference conditions by one year following depositfiDrake et al. 2005, Gende et al. 2007).
A significant Increase in other soil nutrients sashpotassium, sulfur, and phosphorus has
also been associated with salmon carcass depositigqrarian forests (Drake et al. 2005).
Further, the deposition of a highly labile orgargsource such as salmon carcasses would be
expected to elicit an increase in soil microbiadrctivity (Barton et al. 2013). Reports of
soil microbial processes near salmon carcassdargedy lacking. However, Holtgrieve et al.
(2009) reported increases in soil emissions of @@ NO in conjunction with increased
bear activity near salmon streams that would suggesicrease in soil microbial productivity
in association with the annual return of spawnialgnenids. It is evident that there is room
for additional insight into the soil biogeochemicasponses to salmon nutrient subsidies in
coastal riparian forests. However, there are aleoofpparticularly important findings
discussed thus far. The first of these is the gatemagnitude of nutrient transfer into the
riparian forest by the deposition of metabolic wagHilderbrand et al. 1999) and salmon
carcasses (Quinn et al. 2009, 2003). The secahe iess than one year duration of elevated
soil N concentrations associated with this nutrgriisidy (Drake et al. 2005, Gende et al.

2007). It is possible that some of this N is Itsbtigh leaching and denitrification (O'Keefe



and Edwards 2003; Pinay et al. 2009, 2003) buhitje productivity of these forests (Grier
1979) suggests that vegetative utilization may bksa prominent pathway of soil N removal
(Drake et al. 2006, Pinay et al. 2009).

A large majority of what is known about the rofesalmon derived nutrients in coastal
riparian ecosystems derives from stable isotopeeene of vegetative N utilization (e.g. Ben-
David et al. 1998, Bilby et al. 2003, Hilderbrartche 1999, Hocking and Reynolds 2011).
The oceanic environment where salmonids gain teemajority of their adult biomass has a
higher concentration of the less abundaNtisotope relative to inland ecosystems (Fry
2006). The ratio of°N/*N standardized by the ratio of these isotopesératmosphere and
expressed as a deld (atio in parts per thousand (%.) can enable theking of N sources
within ecosystems utilizing isotopic mixing modé@isy 2006). There have been some
concerns raised about the possibility of soil mabprocesses leading to alterations of the
soil N isotope ratio and the possibility of thiglirence propagating into errors within the
isotopic mixing model estimates of marine derivédbgen (MDN) utilization by vegetation
(Morris et al. 2005, Pinay et al. 2003). Howevhrs error appears to be relatively small at
less the 7% (Morris et al. 2005).

Despite concerns of error propagation, these astsrprovide correlative evidence of
salmon N utilization by riparian vegetation (e.glbB et al. 2003, Hilderbrand et al. 1999,
Hocking and Reynolds 2011, Nagasaka et al. 200&).18vel ofs*>N enrichment in riparian
vegetation has been positively correlated withpfealence of bear activity near salmon
bearing streams, with té°N enrichment of riparian vegetation being greatestr the
stream where bear presence was greatest and dgatixponentially within 500 meters of the
stream (Hilderbrand et al. 1999). The pathwaysubfient transfer in several other
investigations are less defined but the resultganerally similar to Hilderbrand et al. (1999)
with the greatest level of vegetati#®&N enrichment being found near the stream and
declining with distance from the stream (Ben-Dagficl. 1998, Bilby et al. 2003) and with
decreasing salmon density (Nagasaka et al. 200&).uBe of stable N isotopes has also been
utilized to correlate the presence and abundanspawning salmon with changes in
vegetative biodiversity (Bilby et al. 2003, Hockiagd Reynolds 2011) and increases in
productivity (Helfield and Naiman 2001). In genetlke presence of salmon in coastal

ecosystems appears to lead to decreases in plamwoity diversity and a shift in riparian



plant communities towards the dominance of nutniett species (Hocking and Reynolds
2011). However, there is evidence that the magaiautt direction of these biodiversity
responses may vary between watersheds (Bilby 2088, Hocking and Reynolds 2011).

These coastal investigations demonstrate the patarfluences of salmon nutrient
subsidies to riparian ecosystems. However, thegsstigations also illustrate that ecosystem
responses are mediated by biotic factors suchla®sabundance (Hocking and Reynolds
2011, Nagasaka et al. 2006) and predator actigity. Hilderbrand et al. 1999, Quinn et al.
2009) as well as by the physical constraints ofetironment such as geography and
background N levels (Hocking and Reynolds 2011,ddaga et al. 2006). Thus prompting
the question of how the riparian ecosystem respottssalmon nutrient subsidies would
differ with a dramatic shift in the abiotic enviment from maritime coastal ecosystems to
the inland semi-arid riparian ecosystems of thafiead¢orthwest.

Salmonids in the inland Pacific Northwest

Approximately 80% or more of natal salmon habitethie Pacific Northwest is found within
the Columbia River Basin (NRC 1996). This 673,46 kasin is thought to have historically
included over 20,000 km of salmonid accessibleastraabitat (NRC 1996) and supported
annual runs of up to 14.9 million returning adalinsonids (Gresh et al. 2000, NRC 1996).
This has been reported to equate to the annuakiofiup to 3 million kg N to this region
(Gresh et al. 2000). Yet relatively little is knowhout the ecosystem responses to this
nutrient subsidy within these inland ecosystemsjqudarly within riparian ecosystems.
There is evidence that salmonids of the ColumbieeRBasin historically constituted roughly
58% of the diet of grizzly bears that once inhabitas region (Hilderbrand et al. 1996). This
evidence in conjunction with the persistence ofap@ evidence of salmon N utilization by
conifer trees even after decades of salmon exitmp@Koyama et al. 2005) suggest that
salmon nutrients may have historically played aparnant role in these inland riparian

ecosystems.
Inland ecosystems

Inland riparian ecosystems of the Pacific Northveier from coastal riparian ecosystems in
several substantial ways. The first is the diffeemin climate. These coastal ecosystems have

a maritime climate characterized by mild daily amhual temperature extremes and heavy



rainfall whereas inland ecosystems of this regiencharacterized by a semi-arid climate
punctuated by hot, dry summers and cold, moistessnfWRCC 2011). For example, the
Boise River watershed in central Idaho experiemedly diurnal temperature swings of up to
30° C and annual temperature extremes that range-24° C to 32° C (NRCS 2012). This
watershed is also seasonally very dry with theayeannual precipitation in the Boise River
watershed of central Idaho only receiving 77-117cémrecipitation annually, predominantly
as snow (NRCS 2012).

The second difference between coastal and inleoslystems of the Pacific Northwest
is the availability of N. Despite the high prodwdty of coastal forests (Grier 1979), the
Pacific Northwest is broadly considered N limited forest productivity (Chapin et al. 1986,
ESMP 2013, Henderson et al. 1978, Moore and Mil&LL9This N limitation is thought to be
particularly severe within the further inland reastof the Columbia River Basin (Koyama et
al. 2012, 2010, 2005; Stephan et al. 2012; MoodeMika 1991) and has been associated
with the internal recycling of salmon derived Ncionifers even after decades of salmonid
extirpation (Koyama et al. 2005). However, thisyaing of N has the resultant nutrient
cycling consequence of increasing the C:N of tledblitter pool (Heath et al. 1988,
Valachovic et al. 2004) and thus exasperatingradiiient availability through the
suppression of soil microbial mineralization ra@&sjs characteristic of this region (Hart et al.
1997, Henderson et al. 1978, Koyama et al. 201%aKa et al. 2010, Stark and Hart 1997).
The N limitations within this region can be largefyributed to a lack of atmospheric N
deposition and biotic N-fixation in this region, wh are collectively estimated to be less than
3 kg N ha yr* (Jurgensen et al. 1990, NADP 2014) as well asenitpoor granitic parent
geology within some sub-basins that contribut&elitb the N availability in these ecosystems
(Henderseon et al. 1978). By comparison, the peexea of N fixingAlnus spp. in coastal
ecosystems has been reported to fix in excesskd W ha' yr (Jurgensen et al. 1990).
This would make the annual influx of salmon nutrsea potentially significant source of
nutrient enrichment to this inland region.

Based on the biotic and abiotic characteristiaslaind ecosystems of the Pacific
Northwest, the ecosystem responses to the depositisalmonids in this inland region might
be amplified considerably from coastal ecosystespaases. The rate of nutrients release

from fish carcasses deposited in the riparian tasdargely a function of environmental



temperature with higher temperature promoting anei@se in decomposition rate, as
demonstrated for human remains (Vass et al. 19@2)y#ki et al. 2005). Based on this
evidence, it is expected that the decompositidirsbfcarcasses would occur faster than the
76 calendar days observed in a coastal ripariasystem (Drake et al. 2005), thus releasing
nutrients faster and leading to higher soil N conicions than observed in coastal
investigations (Drake et al. 2005, Gende et al.720dicrobial productivity is also thermally
regulated and would therefore be expected to isereath higher temperature (Zak et al.
1999), especially with the contribution of a highdypile, moisture laden, organic substrate
such as a salmon carcass (Barton et al. 2013)ll\sittee availability of soil N in these N
limited ecosystems would be expected to stimulatgetative productivity and potentially
lead to increases in biomass production (Gough 2084, Helfield and Naiman 2001, Moore
and Mika 1991). However, there may be other cotingiresources in this harsh semi-arid
environment that limit the full potential of thesssponses. These assumptions and predictions

are explored in the subsequent chapters of thiedetion.
Scope of this dissertation

In this dissertation, | present three investigaiorio the biogeochemical responses of
anadromous fish carcass deposition in ripariarsferef central Idaho, USA. Chapter 2,
entitled "Terrestrial salmon carcass decomposititrient and isotopic dynamics in central
Idaho," investigated the rate of salmon carcasermgostion under semi-arid climatic
conditions during the month of August when salmertigically spawn in this region. This
investigation also evaluated the timing and magi@taf soil carbon (C) and nitrogen (N)
increases within the soil as well as the isotopen@ N composition of the fluids being
released from the carcasses to the soil as a tialdaf the marine end member value utilized
in isotopic mixing models. One caveat of conductimgse investigations was a need to store
the carcasses frozen and to mitigate for pathogesks by heat treating the carcasses. The
potential influences of these treatments on theeaientioned parameters were thus included
in this initial investigation.

In chapter 3, entitle "Soil biogeochemical resgai® the deposition of anadromous
fish carcasses in inland riparian forests of thaffeaNorthwest, USA," the responses of
exchangeable and non-exchangeable soil C and N paok investigated following the

deposition of fish carcasses in riparian forestefNorth Fork Boise River watershed in



central Idaho. The responses of soil C followinlgnen carcass deposition is largely lacking
from the scientific literature, thus this chaptecludes insight into the magnitude and the
duration of the soil C and N responses as welhsigit into the responses of the soil
microbial community to this highly labile organiesource. These responses as well as soil
isotopic N evidence are then utilized to explom @hand N contributions of anadromous fish
carcasses to riparian soils of this region at rpldtspatial scales.

Chapter 4 is entitled "Marine derived nutrientsl amderstory vegetation in
oligotrophic inland riparian forests of the Pacifiorthwest, USA." This chapter explores the
utilization of marine derived nitrogen (MDN) by camon horsetail Equisetum arvense)
through the nutrient pathways of aquatic transfemfcarcass treated streams and from the
terrestrial deposition of anadromous fish carcasBas utilization of MDN from terrestrial
carcass deposition by conifer seedlingse(idotsuga menziesii andPinus contorta) was also
assessed. The utilization of MDN by these speces determined through changes in foliar
N isotopes. Potential increases in productivityena@ssessed for all species using changes in
foliar C isotopes as an indicator of changes in@éynthetic capacity. Additionally, potential
increases in above ground biomass production iffersrwas assessed. The foliar N isotope
values were then applied to allometric relationstdpveloped for the conifer seedlings in this
region to estimate the amount of MDN sequestergbdse seedlings following the terrestrial

deposition of fish carcasses.
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Figure 1. A simple schematic of the expected fld\gadmon carcass C and N through the soil
and vegetative components of a riparian ecosystem.
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Chapter 2

Terrestrial salmon carcass decomposition: nutrienaand isotopic dynamics in central
Idaho

Tadd A. Wheeler, Kathleen L. Kavanagh, Steven Aariza
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marine derived nutrients
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Abstract

Terrestrial salmon carcass decomposition and miitthignamics have been reported for
coastal marine ecosystems of the Pacific Northwesare lacking for semi-arid inland
ecosystems of this region. Understanding theseepsas is a critical step in accurately
understanding the biochemical responses to natahalon deposition and appropriately
mitigating for its loss. Additionally, the movemaeauftcarcasses for nutrient enhancement
poses the risk of spreading pathogens and disEesezing and pasteurization of the
carcasses reduces this risk. However, the effeittesie treatments on decomposition
processes is unknown. Decomposition rate and mattlignamics were investigated in semi-
arid central ldaho by decomposing salmon carcassssl-filled microcosms. Rapid thermal
accumulation in this semi-arid climate resulted¢@ampletion of soft tissue decomposition
(skeletonization) in 16 days. Soil dissolved orga@i(DOC) and dissolved total N (DTN)
increased dramatically with respective increases fpretreatment concentrations of 7 and 48
fold by the time skeletonization occurred. Isotognalysis of fluids beneath the carcasses
revealed up to a 6 %o change in flétfC ands*°N during decomposition as well as an
overall 4 %o enrichment in mean fluid®N, relative to whole reference carcasses. Freezing
and pasteurization of carcasses only yielded diffees during the first few days of
decomposition relative to the fresh carcasses.d hesilts suggest that decomposition of
carcasses in inland riparian forests proceeds negnigly and that treated carcasses are

suitable surrogates for fresh carcasses in senhiragions of central Idaho.
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Introduction

The dispersal of hatchery spawned salmon carcéssepplement nutrient loss from natal
salmon streams is being considered for mitigatmoss the Pacific Northwest of North
America (Amos and Thomas 2002, Compton et al. 28@®pel et al. 2009). Improving
aguatic productivity is a major focus, but salmofiuence on terrestrial ecosystems is also
recognized (Ben-David et al. 1998; Helfield andriNain 2001, 2006; Bilby et al. 2003; Drake
et al. 2006; Hocking and Reynolds 2011). Bearsamiqular are known to transport large
guantities of nutrient rich salmon carcasses ieteestrial ecosystems (Cederholm et al. 1989,
Gende and Quinn 2004, Quinn et al. 2009) and tstrdzlite salmon derived nutrients

through metabolic wastes (Hilderbrand et al. 1998j)l nutrients have been found to increase
markedly in the immediate vicinity of decaying salmcarcasses in coastal rainforests
(Holtgrieve et al. 2009) and remain elevated fdeast 154 days (Drake et al. 2005, Gende et
al. 2007). The decomposition of salmon carcasseéshansubsequent release of nutrients in a
coastal riparian forest have been documented (Detkk 2005). However, to our knowledge,
no systematic study has been conducted to exaimengrocess of salmon carcass
decomposition and the subsequent release of nigiieimland semi-arid terrestrial
ecosystems.

Salmonids historically spawned in large numbeitthiwithe headwaters of the
Columbia River basin, including central Idaho (BualtL968, Gresh et al. 2000). This region is
both drier and warmer than the marine west coastbt where all of the previous studies
were conducted. For example, during the spring @krspawning season (July-September),
central ldaho experiences mean monthly temperathegsre as much as 7° C warmer than
coastal Washington while also receiving roughly-tmed of the average monthly
precipitation (WRCC 2011). These climatic differeacan have a strong influence on carcass
decomposition.

The biophysical processes influencing decompasiticlude nutrient content,
moisture availability, and temperature. The cartwonitrogen ratio (C:N) of Atlantic salmon
carcasses has been reported to range from 3.9:1 (®empson et al. 2009), which promotes
rapid decomposition (Swift et al. 1979). Moistusegenerally not limiting since salmon
carcasses are 60-70 percent water (Ofstad et@6alWold and Isaksson 1997). Therefore,

neither of these factors is expected to cause r@gehia salmon decomposition rate in interior
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semi-arid forests relative to marine coastal edesys. However, higher temperatures were
found to promote decomposition of human remaing@sfly in the presence of ample
moisture (Vass et al. 1992, Megyesi et al. 2006gré&fore, with a favorable C:N and a high
moisture content it was hypothesized that deconipasif salmon carcasses and the release
of nutrient laden fluids would be strongly influeatby temperature and accumulation of
degree days. Understanding these processes iscal@iep in accurately understanding the
biochemical responses to natural salmon deposatahappropriately mitigating for its loss.

Stable isotopes are often used to track the fateaoine-derived nutrients from
salmon carcasses yet to our knowledge no one kiastigated the isotopic composition of
the dissolved organic carbon (DOC) and dissolvéal tatrogen (DTN) released during
decomposition. Several biochemical processes nflueirce the isotopic composition of the
fluids released from the fish carcasses. In pddiclighter isotopes are often more
chemically reactive, more readily volatilized, andy be differentially metabolized resulting
in enrichment of the remaining pool (Fry 2006). Toes of volatile organic C and N
compounds during decomposition has been documémtéadiman cadavers (Hoffman et al.
2009) and thus likely occurs for other taxa as via#termining potentia®™N enrichment
during decomposition is essential to define sihest°N of carcasses tissue has been utilized
in mixing models to estimate the percentage oafd derived from salmon carcasses (e.g.
Helfield and Naiman 2001, Bilby et al. 2003).

One of the major concerns with using salmon caesfor nutrient mitigation is that
carcasses pose the risk of spreading pathogendisegase (Compton et al. 2006, Pearsons et
al. 2007). Therefore, it has been suggested thariing (Hedrick et al. 2008) and
pasteurization (Hoffman and Markiw 1977,Wolf andrkiev 1982, Mulcahy et al. 1984) may
be necessary to reduce the risk of spreading fishebpathogens. This practice has not been
widely adopted (CCFEG 2011) but may increase irfuhge if salmon carcasses are seen as
a viable restoration tool in areas where salmoretiween extirpated.

Several biophysical processes controlling decontiposmay be impacted by
pasteurization and freezing. The freezing of fialcasses results in the formation of cellular
and intercellular ice crystals (Ayala et al. 200B)ese crystals in turn lead to the destruction
of cell membranes and the release of cellular fagst-thaw (Ayala et al. 2005). Similarly,

heating of the carcass in excess of 60°C as suaphédbga 2000) exceeds temperatures
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known to denature cellular structures in fish (@dsét al. 1996a,b) and result in premature
cellular fluid loss. Based on this evidence we higpeized that treating anadromous fish
carcasses with pasteurization and/or freezing weigjdificantly increase decomposition rate
and decrease the time to skeletonization in agerakenvironment, relative to untreated
carcasses. This would in turn result in earliere@ases in soil DOC and DTN, relative to
untreated carcasses. In addition, heating the ssesaduring pasteurization may result in loss
of volatile organic compounds and potential enriehtrof**C or*>N in the remaining bodily
fluids.

The primary objectives of this study were to deiee: (1) the rate of salmon carcass
decomposition, (2) the timing and amount of disedlerganic carbon (DOC) and dissolved
total nitrogen (DTN) input into the soll, (3) theable isotope ratios of the carbon and nitrogen
laden fluids released from the carcasses, andhédgffects of pasteurization and freezing on
these parameters in a semi-arid riparian environmm@mmon to spawning reaches in central

Idaho, eastern Washington, and eastern Oregon.

Methods

Location

This study was conducted at the University of IdRlacker Research Farm near Moscow,
Idaho, USA in early August 2009. Three 1.0 m xrh. 0.6 m high fenced enclosures were
built to inhibit disturbance of the experiment bgmmmalian or avian scavengers. Insect
access was not restricted as fly larvae in padrcaite known to play a large role in the
progression of decomposition (Hocking and Reimc2@06). The enclosures were placed 50
m from a perennial pond and wetland in an opensgrasadow bordered by conifer and
deciduous trees and covered with plywood to prepgestipitation from influencing carcass
weight. Microcosms constructed of plastic linedoterard wet-lock fish boxes measuring 70
cm x 30 cm were filled to a depth of 9 cm with wmiiked local topsoil. The initial soil DOC
and DTN concentrations were 348 mg C'kiyy soil + 8 SE and 39 mg N Rglry soil + 1.6
SE. Four microcosms were placed within each othihee enclosures. Air temperature
sensors (HOBO Pro, Onset Computer Corporation, U&Xg placed in the center of each
enclosure 20 cm below the plywood coverings, wiaitactively shielded the sensors from
direct solar radiation. Temperature was recordenye80 minutes. The chemical and biologic

decomposition of flesh is regulated by thermal injMass et al. 1992). Therefore, the results



18

of this study are expressed in terms of accumuldégglee days (ADD), the cumulative mean

24 hour temperature above 0°C.
Treatments

Fresh unspawned male Chinook salmOndorhynchus tshawytscha) carcasses of similar
length (49 £ 2 cm) and physical characteristicsenmilected from the same population on
two occasions from the Dworshak National Fish Hatghn Ahsahka, Idaho, USA. Initially,
nine carcasses that were destined for three diggasention treatments and two carcasses
used to determine isotopic composition of wholeasses were randomly selected. Two
weeks later three fresh (untreated) carcassesraedemly selected. The carcasses were
weighed within two hours of mortality. The weighttbe carcasses ranged from 1.69 to 2.53
kg (mean 2.08 + 0.07 SE). Six of the treatmentasses and the two isotopic reference
carcasses were immediately frozen at -20°C. Pas&tion of the three remaining carcasses
was accomplished by heating the carcasses in @&ctom oven until the cranial cavity
exceeded 60°C for 20 minutes followed by freezingGiC for two weeks. The cranial
temperature during pasteurization was measureddayng the probe of a digital cooking
thermometer (Taylor Precision Products, Las Crudés) through the olfactory and into the
cranium. During pasteurization the carcasses weweg in individual parchment paper
troughs. The convection oven was maintained at@@@til the cranial cavity reached 60°C
then the oven temperature was reduced to 70°Criomizie cooking. Five days after the
initial carcass collection, three of the immediptebzen carcasses were removed from the
freezer, placed in the oven, and pasteurized thiemred to the freezer for the remainder of

the two weeks.
Experiment

The treated salmon carcasses were removed frofreeer twelve hours prior to the arrival
of fresh carcasses and thawed in closed wet-lstkidoxes. The fresh carcasses were
transported from the hatchery to the researchrsiecooler and weighed within 2 hours. A
total of twelve carcasses (n=3 for each treatmeat® placed in individual nylon stockings to
facilitate daily weighing and one carcass from eiaeatment was randomly placed in each
enclosure. Based on the correlative relationshipvdsen rabbit carcass decomposition and

relative weight loss described by Adlam and SImm@@€7), the rate of salmon
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decomposition was assessed through daily weigHitigeosalmon carcasses until soft tissue
weight loss ceased. The weight of the carcassesbtaged by carefully removing each
carcass from its microcosm using a rigid plasag tThe carcasses were weighed on a
mechanical platform scale and then returned to threginal position and orientation in the
microcosms, this took less than 3 minutes for eachass. For analysis purposes, carcass
weights were standardized into relative proportiohthe weight at time of placement in the
microcosms by dividing the observed weight by tleeght of the carcass at ADD = 0.

To assess the change in soil C and N content2t&om soil cores to the full depth of
the microcosm (9 cm) were collected beneath edomosacarcass, homogenized, and sieved
to 2 mm. Fly larvae in the soil samples were rerdadaring sieving and were not included in
soil analyses. Soil samples were collected primatcass placement and 2, 5, 9, and 16 days
post placement. Soil DOC and DTN were assesseulfisly Horwath and Paul (1994).
Briefly, a 10 g portion of each freshly sieved s@imple was agitated in 50 ml of 0.5 M
K,SO, for one hour then vacuum filtered to 04%. The extracts were stored at -20°C until
analysis. The soil dry mass of each extracted samps determined by oven drying a
separate portion of each sieved sample at 70°CXdwours and back calculating based on
gravimetric moisture content. The extracts werdyaea via combustion catalytic oxidation
on a TOC-VCSH coupled with a TNM-1 analyzer, (Shima Scientific Instruments, USA),
at the Land Management and Water Conservation Ré&skeab, USDA-ARS, Pullman,
Washington, USA.

Separately homogenizing two frozen Chinook saltemcasses and randomly
sampling each mixture with replication establisduble fish reference C and N isotope
ratios. To compare our results to published litegtthe muscle tissue from each carcass was
separated from the reminder of carcass and thelentissue initially homogenized separately
from the remainder of the carcass. Approximatebp@of the total carcass weight (509) of
pureed muscle tissue was randomly removed frorsltivey for analysis. The remaining
muscle slurry was then thoroughly homogenized wighrest of the carcass and sampled in a
similar manner to assess the isotopic compositidheocarcass in its entirety. The fish
reference samples were stored at 20°C then fresgé-ahd ground with a mortar and pestle
prior to combustion fo8**C ands**N on a Finnigan MAT Delta plus Isotope Ratio Mass

Spectrometer (Finnigan MAT Gmbh, Germany) in thehiol Stable Isotopes Laboratory,
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Moscow, Idaho, USA. The C and N isotope ratiosheke frozen carcasses were considered
representative of fresh fish carcasses as C amsdthpe ratios have been found to remain
stable when preserved with freezing (Kaehler arich®aov 2001, Barrow et al. 2008).

To determine the C and N isotopic compositionudfients released from the salmon
carcasses to the soil, glass fiber filters wereqdabetween each carcass and the soil to collect
bodily fluids. Millipore AP40 glass fiber filtersf@d7 mm diameter were cut into fourths and
one portion placed under each carcass mid-se@i&dx8 cm barrier of cellophane tape was
placed between the soil and glass fiber filterrevpnt adsorption from the soil. The glass
fiber filters were replaced daily until soft tissdecomposition was complete. The glass fiber
filters were stored at -20°C then freeze-dried emmibusted fo6**C ands**N on a Finnigan
MAT Delta plus Isotope Ratio Mass Spectrometerrfigan MAT Gmbh, Germany) in the
Idaho Stable Isotopes Laboratory, Moscow, ldahcAUS

Satistics

The relative carcass weights and the soil DOC and r each treatment type were
compared against that of the fresh carcassesftmtefof treatment through time and time x
treatment interactions using mixed effects repeatedsures analysis of variance (ANOVA).
If a time x treatment interaction was found thegi theatment was removed from the model
prior to analysis for treatment effects. Poterdifferences were investigated further using
one-way ANOVA and Tukey's Honestly Significant @ifénce (HSD) at each sampling
interval. Non-linearity in the C and N isotope v@duwith time prevented model convergence
so they were only analyzed with one-way ANOVA ankdy's HSD at each sampling
interval. All statistical conclusions were basedaona prioria = 0.05 significance level. The
data were assessed for assumptions of normalithambgeneity of variance using residual
plots and natural log transformed as necessary farianalysis. Analysis was conducted using
R version 2.10.0 (R Foundation for Statistical Catimgy, Austria). In addition, mean isotopic
composition of fish carcass fluids weighted by yladlative weight lost was tested between
treatments and against the whole reference cacass®y the summary statistics
functionality of Student's t-tests in Minitab (dinitab Inc., USA). Weighted means were

calculated using the formula:
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n
i=1 WiXi

X =
Z?:lwi

where wis the proportion of daily weight loss andsthe isotopic value for each
observation. The variance of the weighted meanscaigsilated using the formula:

2__" N Y V. — — 2
st = V12—V2 i=1 Wi (xi - x) WhereVl - 2?=1Wl' andVZ - ?zlwl' )

The inferences that were made in this study wereral the overall means of the
population of sample means (the mean of the samgistribution of sample means).
Therefore, the standard error (SE) was used asstiteate of spread (the standard deviation

of the sample means).

Results

Decomposition

Treating the carcasses by freezing only and theébamations of freezing and pasteurization
resulted in a significant loss of carcass weiglivtzedeploymentR<0.05). Carcasses treated
with freezing only, pasteurization then freezingg dreezing then pasteurization lost a mean
3.2% £ 0.6 SE, 9.2% + 0.9 SE, and 16.8% * 0.6 StRaif initial fresh weight, respectively.

The air temperature within the enclosures duregstudy ranged from 2° to 37° C
with a 24 hour mean of 18.6°C + 0.7 SE resultinthmaccumulation of 300 degree days in
approximately 16 calendar days (Figure 1). Thehfleescasses reached skeletonization
(termination of soft tissue decomposition) at 3424SE ADD while the frozen only,
pasteurized then frozen, and frozen then pastelidaecasses reached skeletonization at 269
+ 37 SE, 274 £ 30 SE, and 310 £ 6 SE ADD, respeltivi hese end points were not
significantly different and were therefore poolegsulting in a mean time to skeletonization
of 299 + 15 SE ADD.

Though decomposition of all carcasses terminatéidessame time, some early
differences in decomposition rate due to treatmanre detected (Table 1). Treating carcasses
with freezing and pasteurization resulted in a aiglelative loss of weight in the first 18
ADD (Figure 2A) and thus lowePk0.05) relative weights compared to the fresh
(Figure 2B). The relative daily weight loss (Figw) did not differ between the treated and
fresh carcasses for the remainder of decompostaithe relative weights of all treatments

converged by 127 ADD (Figure 2B). However, thigialidivergence of weight loss resulted
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in a difference ®=0.01) in the overall decomposition rate for thetparized then frozen

treatment relative to the fresh carcasses (Table 2)
Soil DOC and DTN

The timing of soil DOC and DTN accumulation clostlcked the carcass decomposition
rates. Large increases in DOC and DTN were measirgédl ADD (Figures 3A and B),
which coincides with the period of greatest rekatilaily weight loss (Figure 2A). The mean
cumulative increase, in soil DOC and DTN was 1057@rkg’ dry soil + 159 SE and 885
mg N kg' dry soil + 115 SE per kg of pretreatment carcaasanat the termination of
decomposition (Figures 3A and 3B).

The combined treatments of freezing and pastedioizeesulted in higheR<0.05)
soil DOC and DTN concentrations relative to thelfrand frozen treatments but only at 40
ADD (Table 1). The nutrient increases at 40 ADDWoth pasteurized treatments were
similar at 154 mg C k§dry soil + 32 SE and 165 mg N kgiry soil + 28 SE per kg of
pretreatment carcass mass. There were no furtfieratices in soil DOC or DTN detected
during the remainder of decomposition (Figures 84 aB). Our ability to test treatment
effects on soil DOC and DTN through time were lgditdue to a large number of time x
treatment interactions (Table 2). However, at skaligation there were no detectable
differences in soil DOC or DTN between treated fiedh carcasses (Figures 3A and 3B).
The results at skeletonization for all carcasse® Wweerefore pooled.

A substantial shift in the extractable soil C:Xadrom pretreatment to carcass
skeletonization (298 ADD) was observed acrossaditments. The soil prior to carcass
placement had an extractable C:N ratio of 9:1.k&letonization, the extractable soil C:N
was 1.4:1. The C:N ratio of the reference salmonasses based on combustion analysis was
6:1 (data not shown).

| sotopes

The isotopic value of salmon muscle tissue is algmoxy for the entire carcass isotopic
value as there were no significant differences'thl ands'*C between the muscle only and
whole carcass samples of the reference carcadses™N of the entire carcass and the
muscle tissue was 13.8 %o + 0.4 SE and 13.8 %o S&3respectively. Th&"C of the entire

carcass and muscle tissue was -22.0 %o £ 0.1 SE24n? %0 + 0.3 SE, respectively.
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The carcasses released sufficient fluids for @otanalysis for 227 ADD (11 days).
During this time period, there were large shiftshiad*N of the fluids being released.
Initially, the fluids were depleted relative to threan fluids*>N. This was followed by a
period of highly enriched fluids being releasedtstg at approx 130 ADD (Figure 4A). The
meand™°N of the fluids, proportionally weighted by relagidaily weight loss, was not
different among the decomposing carcasses (TablEh8k, the weighted means were pooled
across all treatments, resulting in an avei&#d¥ of the bodily fluids at the carcass-soil
interface of 17.8 %o + 1.5 SE (Figure 4A). This veaé %o enrichment if°N (P<0.01)
relative to the whole isotopic reference carcags®s %o + 0.4 SE). The weighted mean
values were not significantly different from theasght mean values (17.4 %o + 0.2 SE for
8N and -20.6 %o + 0.2 SE f@°C) but the straight mean reduces the estimateeof th
variance among the observations.

Among treatments, thE°N of the fluids released from the fresh carcassa®w
significantly enriched®<0.05) relative to the treated carcasses throughRID and
remained enriched®k0.05) relative to the frozen then pasteurizedtneat through 65 ADD
(Figure 4A). There were no differencessiiN due to treatment beyond 65 ADD

Thes™C of the fluids at the soil-carcass interface eitaiba lot of variation during
decomposition, both through time and among treatsnémitially, the3™3C of the fluids was
1.5-2 %o enriched relative to the weighted meardfsdfC. The exuded fluid**C became
roughly 3 %o depleted relative to the weighted mieyi 70 ADD then enriched back towards
the weighted mean value by the time of carcasetkakation (Figure 4B). The weighted
meand™3C of the bodily fluids (-20.5 %o + 1.7 SE) at theaass soil interface for all
treatments combined was not different from theopmt reference carcasses as a whole (-22.0
%o + 0.1 SE). Among treatments, ti&C of the fluids released from the pasteurized
were notably depleted (p<0.05) relative to thetfregrcass fluids at 106 ADD and the frozen
then pasteurized carcass fluids remained deplbtedgh 127 ADD (Figure 4B).

Discussion

The decomposition of salmon carcasses progrespatlyrander the semi-arid climatic
conditions in central Idaho. We observed skeletaion in 299 ADD, which agrees with a
similar investigation in western Washington in I&# that reported skeletonization in 270

ADD (Drake et al 2005). However, it took onlyl6eadlar days to accumulate the required
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degree days for decomposition in Idaho comparé®toalendar days to accumulate

sufficient degree days for decomposition in wesWiashington. The timing of soil DOC and
DTN increases closely tracked decomposition rath thie greatest increases observed during
periods of rapid decomposition. The C and N isot@pes of the fluids released during
decomposition varied by up to 6 %. from start tadimwith the weighted mean discharge of

N being enriched 4%o. relative to the whole isotagierence carcasses. We observed some
initial differences in decomposition rate and swujpsmt nutrient release rates when salmon
carcasses were treated with freezing and past#éionzarior to use for nutrient enhancement.
However, given the lack of differences due to treait beyond the first few days, we will

focus our discussion on the ecological procesgsbsirghan the treatments.
Carcass decomposition rate

The rate of decomposition or relative daily weilglss was highly variable both through time
and between carcasses (Figure 2A). The periodadndposition between 127 and 227 ADD
was particularly dynamic with large losses in liglataily weight but also large differences
in the relative daily weight loss between carcasaesepresented by the large standard error
bars in figure 2A. We hypothesize that this pewbdtigh relative daily weight loss is a
function of both fluid loss and outmigration of flgrvae. The variability between carcasses
may be the result of larvae exiting the carcassdgdfarent rates and times. We did not
guantify the weight loss due to fluid loss or laemigration. However, it was noted, that the
carcasses were heavily infested by 127 ADD witHdarer larvae noted by 227 ADD.

We were concerned that the use of nylon stockiodacilitate weighing influenced
our observations of the decomposition processrhyilig larval outmigration. The
colonization of fly larvae was not impacted asdlieadily laid their eggs through the mesh
stocking and egg presence on the salmon carcassesoted on the second calendar day
(40ADD). Typically, fly larvae exit a carcass anartow into the soil to pupate (Norris,
1965). The fine mesh of the nylon stockings mayeh@ndered movement through the soil
side of the stocking. However, larval outmigratieas facilitated by seven 1éroles created
while collecting small tissue samples during thistfi27 ADD. The lack of larvae in the
carcasses during the later stages of decompositidrihe large number of larvae in the soil
samples during the final sampling period indicdked the larvae eventually exited. However,

since we did not have any carcasses without a stesking, we are unable to quantify if the
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mesh covering slowed down the outmigration of #rgde to the soil. If anything, this
potential delay in outmigration made our estimatedecomposition rates slightly longer than
the actual values.

The rapid progression of decomposition in thisisama environment relative to
cooler coastal sites suggests that additional lmsigo the thermal regulation of salmon
carcass decomposition is needed. Seasonal or e¢gibierences in decomposition rate can
play a large role in the dispersion of carcassiewits within the riparian community. For
instance, the number of calendar days spannedgldecomposition could impact the amount
of time that a carcass is available for scavenigecensume and redistribute carcass tissues
and nutrients. Further, the rate of nutrient redgagpacts not only the availability of nutrients
to the broader microbial and plant community babdahe susceptibility of these nutrients to
leaching and gaseous loss.

Soil DOC and DTN

Our findings suggest that the release of carcasgnts to the soil predominantly occurs after
decomposition has progressed roughly half way ébes@nization. We observed a respective
6 fold and 40 fold increase, relative to pretreatmalues, in soil DOC and DTN (data not
shown) between 106 and 298 ADD (Figure 3A and B)s Tapid increase in soil DOC and
DTN coincided with the period of rapid carcass eigss or decomposition (Figure 2A and
B) and was most likely due to fluid discharge frtma carcasses. Fly larvae migrating from
the carcasses into the soil may also serve asevogsfor carcass nutrients (Levenbook

1971, Chapman 1998, Tibbets et al. 2008). Howesinece the adult flies migrate from the
soil, the fly larvae were sieved from the soil ptio analysis and not included in the estimates
of soil DOC and DTN.

The inputs of salmon carcass C and N to the #eileal the C:N ratio of the soils
consistent with the increasing availability of NeWbserved a shift in the soil C:N ratio from
9:1 pretreatment to 1.4:1 by 298 ADD. This low Qdtio was particularly surprising given
that the whole reference carcasses had a C:N of Gi& substantial shift in the soil C:N ratio
below that of the carcasses themselves suggegib éeliel of C immobilization or
respiratory loss by microbes during carcass decaitipo relative to N (Cleveland and
Liptzin 2007, Hartman and Richardson 2013). As nigaompounds are consumed and the C

metabolized, excess N is mineralized and excretdthe soil. Thus, a pulse ofa C and N
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laden substrate, such as salmon carcasses, cato ldedrapid microbial liberation of

inorganic N. In addition, fly larva consumptioncearcass tissue can also lead to the metabolic
loss of C and the liberation of N in excreted wg&eeen and Popa 2012). This rapid

turnover of organic material and release of inoigéhis consistent with the large increases

in soil inorganic N frequently observed in riparameas following salmon carcasses
deposition (e.g. Drake et al. 2005, Gende et &72Bloltgrieve et al. 2009). The end result is
a large increase in soil inorganic N that beconvedable for plant and further microbial

utilization.
| sotopes

The C and N isotope ratios of the fluids exudednftbe carcasses varied by as much as 6 %o
over the duration of decomposition (Figures 4A BjdHowever, the directions of the
isotopic shifts were not consistent. Initially, 78N of the fluids were depleted relative to the
overall mean discharge but became more enricheédgisre skeletonization occurred. This
pattern resulted in an overall mean flGfdN that was enriched 4 %o, relative to the whole
reference carcasses. In contrast,8tH€ of the fluids was enriched at the beginning of
decomposition and became more depleted just bekaletonization occurred. Interestingly,
the temporal shifts in both isotopic ratios coircugith an increase in the decomposition rate
and a rapid increase in soil C and N concentratidhese temporal patterns in flLitPN and
81*C suggest two different isotopic behaviors.

The isotopic enrichment of the N compounds relg@asging decomposition is
consistent with processes leading to the prefelewdiatilization of the lighter N isotope (Fry
2006) and thus enrichment of the remaining fluidse metabolism of organic materials by
microbes and insects results in the accumulatianohonia (NH) and ammonium (NE)
(Carter et al. 2007, Green and Popa 2013). Thenadlation of these compounds within the
carcass or at the soil-carcass interface wouldtie#lde potential for a high rate of volatile
loss. This is supported by the observed increag&h (Figure 4A) starting at approximately
70 ADD prior to the onset of rapid carcass weigisslat 127 ADD (Figure 2A), indicating
the fluids were accumulating in the carcass anirggseous loss to the atmosphere was
possible. We did not quantify the amount of N kbsbugh volatilization. However, the warm
temperatures of this semi-arid region would inceethe likelihood of volatile ammonia loss
(Miles et al. 2011, Zhang et al. 2013)
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In contrast, the depletion 8f°C during decomposition may be due to the timing of
lipid decomposition. Pacific salmon tissue is rdydgh16 % lipids (Crossin and Hinch 2005,
Hamilton et al. 2005) which are substantially degdein5*C relative to proteins and
carbohydrates (Deniro and Epstein 1977). As sunm@dry Vass et al. (2002) and Carter et
al. (2007), the initial phase of decomposition &éygconsists of the enzymatic destruction of
cell walls and the release of cellular fluids, da¥led by microbial proliferation and the onset
of carbohydrate, lipid, and protein destructionisTattern of decomposition is consistent
with the observed C isotopic trend (Figure 4B). Tirst three days (65 ADD) of
decomposition produced exudates from the carcagties steady but higher than average
83C, possibly derived from the release of cellulaid$. After 75 ADD theéd™*C of the
exudates quickly became depleted relative to thghted mean with the most negative
values occurring during the period of greatestingdadaily weight loss (Figure 2A). It is not
readily apparent how much of this depletion is ttuthe liberation of C from lipids alone as
we did not isolate the lipids from other C sourdéswever, the change in flut’C over the
course of decomposition is consistent with the prsgjon of decomposition and the
breakdown of lipids.

Conclusion

Regional and seasonal temperatures appear to pheyca role in the rate of salmon carcass
decomposition. The rate at which carcasses decampay influence not only the amount of
time a carcass is available for scavenging andgtrdglition but also the rate and
concentration at which carcass nutrients becomiaal@to the biotic community. We
observed decomposition and nutrient release ratasemi-arid environment that far
exceeded those reported in coastal Pacific Northiwesstigations. We also observed
temporal patterns in the C and N isotopes of theled carcass fluids that varied as much as
6 %o over the period of decomposition with a m&&i of the exuded fluids that was 4 %o
enriched relative to the whole reference carcas3esobservations indicate that it is not
enough to measure the isotopic composition of titieescarcass or to assume that the isotopic
values of the exuded nutrients remain static thindurge. These isotopic patterns have direct
relevance on both trophic and mixing model invegtans, possibly explaining variability in
trophic observations and improving estimates ofient utilization by vegetation. We did

observe some influences of freezing and pasteioizan salmon carcass decomposition and
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nutrient release rates but these differences wanst@ined to the first few days of
decomposition. This suggests that carcasses trededreezing and pasteurization are
suitable surrogates for fresh carcasses under @aadhconditions.
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Table 1. Results of significand£0.05) differences between treated and fresh ceesdsr

relative daily weight loss, relative weight, sailtnents, and the isotopic ratios of exuded

carcasses fluids using ANOVA and Tukey's HSD antjtiad accumulated degree day

intervals.

ADD ANOVA Tukey's HSD

ANOVA Tukey's HSD

Relative daily weight loss

Relative weight

18 R g=43.2,P<0.01 PasFro, FroP&s0.01
40
65
85
106

F3g=44.7,P<0.01 PasFro, FroP&s0.01
F3,6=38.2,P<0.01 PasFro, FroP&x0.01
F,¢=26.0,P<0.01 PasFro, FroP&s0.01
F,¢=15.1,P<0.01 PasFré#<0.01
kg=6.3,P=0.02 PasFr#<0.01

Soil dissolved organic carbon

Soil dissolved total nitrogen

40 F¢8.08,P<0.01 PasFro, FroP&s0.02

k =45.4,P<0.01 PasFro, FroP#%0.01

Fluid *°C

Fluid 6N

18

40

65

106 KR g=16.6,P<0.01 PasFro, FroP#%0.01
127 R g=4.7,P=0.04 FroPa®<0.05

F,644.5,P<0.01 PasFro, FroP#&s0.01
F,=19.7,P<0.01 PasFro, FroP#&s0.01
F&9.8,P<0.01 FroPa$=0.01

Notes: PasFro and FroPas refer to carcasses treategagtaurization then freezing and

freezing then pasteurization, respectively.
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Table 2. Results of repeated measures ANOVA comgaarcasses that had been frozen,

pasteurized then frozen (PasFro), and frozen thsteprized (FroPas) against fresh carcasses

for treatment effects on the overall rate of reatarcass weight loss and the accumulation of

soil dissolved organic C and dissolved total N.

Treatment

d.f. T-value P-value

Time x Treatment

d.f. T-value P-value

Relative weight loss Frozen
PasFro
FroPas
Dissolved organic C Frozen
PasFro
FroPas
Dissolved total N Frozen
PasFro

FroPas

D oo oo

(o]

-0.56
-3.27
-2.27
1.30

4.06
1.35

0.59
0.01*
0.053
0.24

0.01*
0.14

200
200
200

32
32

32

32
32
32

-1.46
0.13
0.27

-0.36

-2.14

-1.97

-1.07
-4.47
-4.69

0.14
0.89
0.78
0.72
0.04*
0.058
0.29
0.00*
0.00*

Notes: TreatmenP-values are omitted where time x treatment int@vastare significant.

Treatments with significant time x treatment int¢ians were removed from the model prior

to testing for treatment differences. StatisticalynificantP-values ¢=0.05) are indicated

with *.
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Table 3. Mean carbon (C) and nitrogen (N) isot@ims of fluid released during Chinook

salmon carcass decomposition weighted by relatiilg dieight loss.

81N (%o) 813C (%)
Observations Weighted Standard Weighted Standard
mean error mean error
Fresh 32 18.1 3.1 -20.0 3.4
Frozen 28 18.4 3.1 -20.8 3.5
PasFro 28 17.5 3.0 -20.2 3.5
FroPas 29 17.2 2.9 -20.8 3.5
Pooled 117 17.8 15 -20.2 3.5

Notes: PasFro and FroPas refer to carcasses treategagthurization then freezing and
freezing then pasteurization respectively. Studehitests found no significant difference
(0=0.05) in5™N or *°C between the weighted fluid means of treated egshfcarcasses. The
results were therefore pooled. The podi&# was significantly enriched (d.f.=89=2.63,
P=0.01) relative to the whole reference carcasses whéestwas no difference §°C.
Observations were weighted by the relative dailigiveloss of the respective salmon carcass.
Total observations derive from n=3 carcasses patrtrent over the duration of measurable
carcass fluid discharge.
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Figure 1. Mean and standard error of daily tempeeaf’ C) across all three protective
enclosures for the 16 day study period (Augu&t@sSeptember %) 2009) referenced
against accumulated degree days (ADD). The variaat®een the daily means of the three
temperature sensors was less than 0.02° C.

Figure 2. (A) Mean relative daily weight loss aiJ (nean relative weight of decomposing
Chinook salmon carcasses in relation to accumuldegdee days (ADD). Relative weight is
theobserved weight divided by the weight of the casasADD = 0. Relative daily weight
loss is the proportion of weight lost since thevpyas observation. PasFro and FroPas
indicate salmon carcasses treated with pastewiz#ien freezing and freezing then
pasteurization, respectively. * indicates an oVeighificant difference®=0.01) in the rate

of relative weight loss as compared to fresh caeasSignificant differencea£0.05) from
fresh carcasses at specific sampling intervalsnalieated by (b) when both pasteurized
treatments differ and (c) when only frozen then@aszed carcasses differed. Error bars are
standard error of the mean. Treatment values ajeqted with a 2-6 ADD offset from fresh
values to improve resolution.

Figure 3. The mean relative change in (A) soilaigsd organic C (DOC) and (B) soil
dissolved total N (DTN) pools from pretreatment eemtrations beneath Chinook salmon
carcasses treated with freezing, pasteurizatiam fileezing (PasFro), and freezing then
pasteurization (FroPas). Significant differenaes0(05) of both pasteurized treatments from
fresh carcasses at specific sampling intervalsdicated by (b). Determination of the overall
effect of treatment on the rate of soil DOC and Dad¢umulation was limited due to time x
treatment interactions. * indicates an overall gigant difference P=0.01) in the rate of soil
DOC accumulation when compared to fresh carcakses. bars represent standard error of
the mean. Treatment values are projected with 8APB offset from fresh values to improve
resolution.

Figure 4. Mean (A}™N and (B)5'3C of fluids between the salmon carcasses and the so
surface during decomposition for untreated (Fresinjasses and carcasses treated with
freezing, pasteurization then freezing (PasFraj,feeezing then pasteurization (FroPas).
Solid and dashed lines denote the mean of the safltads weighted by relative daily weight
loss and the mean of the whole reference salmaasses, respectively. Significant

differences ¢=0.05) from fresh carcasses at specific sampliteywals are indicated by (a)
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for all three treatments, (b) for both pasteurizedtments and (c) for only the frozen then
pasteurized treatment. The weighted m&aN of the fluids was significantly enriched
(d.f.=89,T=2.63 ,P=0.01) relative to the whole reference carcasses whéestwas no
difference ind**C. Error bars are standard error of the mean. firesit values are projected

with a 2-6 ADD offset from fresh values to impraesolution.
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Chapter 3

Soil biogeochemical responses to the depositionarfadromous fish carcasses in inland

riparian forests of the Pacific Northwest, USA

Abstract

The historic abundance of salmonids returning & thatal streams of the inland Pacific
Northwest, USA may have constituted a substantisient influx into these commonly
oligotrophic ecosystems. The precipitous declineabfnonid abundance within this inland
region over the last century has stimulated regogeerls. However, these efforts are largely
informed by investigations conducted in coastalitima ecosystems. Inland ecosystems
tend to be warmer and dryer as well as considerabhe nutrient limited than their coastal
counterpart. Understanding how these inland camstinfluence the soil biogeochemical
responses to salmon carcass deposition in inlgadian forests is a vital step in appropriately
mitigating for their loss. Therefore, the soil bemghemical responses of fish carcasses
deposition in inland riparian forests of centradiid were investigated through changes in soil
nitrogen (N) and carbon (C) chemistry as well dsredes of total soil N and C loading per
fish. This investigation revealed a 480 fold in@@#& soil inorganic N to 918 (218 SE) mg N
kg™ dry soil and a seven fold increase in dissolveghoic C to 820 (228 SE) mg Ckgry

soil at 30 and 60 days following carcass depositiespectively. The estimates of soil N and
C loading only accounted for 30% and 10% of thle iarcass N and C, respectively. It is
apparent from these loading estimates that soitahial mineralization and consumption
rates as well as the extent of volatile N lossofelhg salmon carcass deposition in inland

semi-arid ecosystems requires further investigation
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Introduction
Setting ecologically defensible recovery goalsdndangered species is aided by fully
understanding their ecologic role within ecosystente Columbia River Basin is believed to
have once provided spawning habitat for up to b4ilBon anadramous fish annually (Gresh
et al. 2000, NRC 1996). Which would have equateahtannual influx of up to 3 million kg
of nitrogen (N) and at least 10.5 million kg oflzan (C) to this basin (Dempson et al. 2009,
Gresh et al. 2000). By contrast, current salmamrnstto the Columbia River Basin including
hatchery fish is less than 5% of historic abunddR&S 2014). Recovery goals for several
salmonid species as low as 2-3% of historical abonod have been set within the 673,400
km? of the Columbia River basin (Perry et al. 2004}, little is known about the ecological
influence of salmon in this largely semi-arid regi{&oyama et al. 2005, Hilderbrand et al.
1996). This is a large knowledge gap since sendiiatand ecosystems encompass over 80%
of the historic range of anadromous fish in theifkalorthwest (NRC 1996).

Quantifying the ecological role of salmonids in tigarian forests of the Columbia
River Basin is challenging. Knowledge of the eféeat salmon carcasses on N and C soill
biogeochemistry derives largely from coastal ectesys in the Pacific Northwestern USA
and Alaska (e.g. Holtgrieve et al. 2009, Gendd.€1Q07, Drake et al. 2005) and using the
primary findings from these studies would hingetltom assumption that environmental
conditions in coastal forests differed little fromterior forests. However, the environmental
conditions are very different. The use of stabiéapes has affirmed the presence and
utilization of salmon derived N by vegetation itenor Columbia River Basin forests
(Koyama et al. 2005) and extinct grizzly bears dliirand et al. 1996). Yet, relatively little is
known about the inland ecosystem responses tathisidy. For example, salmon carcass
decomposition has been documented to take up tay$in a coastal maritime climate
(Drake et al. 2005) whereas the decompositionsenai-arid interior environment has been
documented at 16 days (Wheeler et al. 2014), patgntlue to large temperature differences.
This slower relative rate of carcass decompositiaabastal ecosystems and thus nutrient
release rate could allow soil nutrient utilizationvegetation (Drake et al. 2006) and soil
microbes (Kaye and Hart 1997) as well as nutriessés through denitrification (Holtgrieve
et al. 2009), leaching (Pinay et al. 2003), andsjinbg volatilization (Wheeler et al. 2014) to

reduce the amplitude of detected soil nutrient@asps in these coastal ecosystems, thus
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under estimating the magnitude of interior ecosystsoil nutrient responses to the
deposition of anadromous fish carcasses.

For these commonly nutrient limited interior ecdsyss of the Pacific Northwest
(Koyama et al. 2012, 2010, 2005; Stephan et al22Bbore and Mika 1991) the deposition
of anadromous fish carcasses may represent a stibstafusion of vital nutrients. These
inland forests soils are known to have very lowaarations of inorganic N which
potentially limits vegetative (Moore and Mika 19%)d soil microbial productivity (Koyama
et al. 2012, 2010, 2005; Stephan et al. 2012)igwr#gion. This lack of inorganic N
availability can be partly attributed to soil mibral consumption being nearly equal to
mineralization and nitrification rates (Koyama et2910, Henderson et al. 1978). However,
resource limitations also keep gross mineralizadiod nitrification rates quite low in many
forests of the Pacific Northwest (Koyama et al. 2@010; Hart et al. 1997; Stark and Hart
1997; Henderson et al. 1978). Forests of this regammpensate by exhibiting characteristics
of vegetative N retention which can include thdaieing of N prior to senescence (Tully et
al. 2013, Salifu and Timmer 2001, Aerts 1996, Eddsoet al. 1989) and the movement of N
from older to younger needles in conifers (Millamld Grelet 2010). This can result in the
senescent organic material having a high C:N (&80) as is typical of the conifer forests of
this region (Valachovic et al. 2004, Heath et 888). This high C:N ratio leads to a
suppression of soil mineralization rates and ahrrteduction in soil nutrient availability
(Booth et al. 2005, Horner et al. 1998). Thereftine,addition of a N rich resource such as
salmon carcasses could be expected to elicit dantizd soil microbial response.

There is evidence that soil microbial productivityinland ecosystems of the Pacific
Northwest may also be co-limited by the availapitift mineralizable C (Koyama et al. 2010).
The deposition of salmon carcasses laden withddbiin these inland forests could therefore
be expected to stimulate measurable increasesciolbmal productivity. Further, the
increased availability of labile C can stimulate'mrime" soil microbes into accessing
otherwise recalcitrant soil C and N reserves (Biigskaya and Kuzyakov 2008). Nutrient
poor soils are the most likely to experience sadrobial priming (Fontaine et al. 2011).
Therefore, the deposition of salmon carcassedandhriparian forests could be expected to

result in the potential increased mineralizatiothase soil C and N reserves.
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A decomposing salmon represents a potentially fsogmt source of nutrient
enrichment in oligotrophic riparian soils in thedrnior northwestern USA. Despite the loss of
this once abundant resource, the effects of saltaorass deposition on riparian forest soils
have not been investigated outside of more prodeicibastal riparian forest ecosystems.
Thus, the objective of this investigation was taaswre the influences of salmon carcass
deposition on soil microbial productivity and theuadance of plant available nitrogen in a
semi-arid inland riparian forest. Specifically: vipat do the observable changes in extractable
and bulk soil N infer about the underlying soil pesses and what potential influence does the
carcass carbon contribution have on these proce23d3oes the addition of organic C from
the carcasses result in a priming of soil micropralductivity and the release of sequestered
soil N?

Methods
I nvestigative context

This investigation was one of several collaboratesearch efforts within central Idaho, USA
to quantify the ecosystem wide biogeochemical resps to salmon nutrient deposition
within the oligotrophic North Fork Boise River wegbed (Figure 1). The natal contributions
of salmon derived nutrients to this watershed vadreiptly severed in the early 1900's by the
installation of dams, leaving the weathering oflgge material and atmospheric sources to
sustain the productivity of these ecosystems. Diie of this region are characterized by
colluvium over bedrock derived from granodioritegtidaho Batholith) with alluvial riparian
soils ranging from O over C to OBC. The O horizgpi¢ally ranges from 0-2 cm in depth.
This nutrient poor granitic substrate weathers Bfpaontributing little to the sustainable
nutrient requirements of these ecosystems (Hendetsal. 1978). The collective fixation and
deposition of atmospheric N is also thought to Gbate minimally (<3 kg hd yr?) across
most of this region (NADP 2014, Jurgensen et @0)9These nutrient poor conditions and
the complete extirpation of salmonids make thisansited an ideal location to explore the
biogeochemical importance of salmon derived nutsi¢éminland ecosystems throughout the
Pacific Northwest.

The climate within the North Fork Boise River wateed is semi-arid with warm, dry
summers and cold, moist winters. Natural Resoumgs€rvation Service (NRCS) SNOTEL

weather stations within the North Fork Boise Riweatershed report mean annual
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temperatures over the last two decades of 5-8°tl mean monthly temperatures of -4° C in
January and 15.5° C in July. The mean annual gtetigm is 77-117 cm, predominantly as
snow (NRCS 2012). The riparian vegetative commesiéire open mixed conifer forests
comprised of willows %alix. spp), dogwoodGornus spp.), and tall grasseBdstuca spp.)
(Marcarelli et al. 2014) residing under predomihabiouglas fir Pseudotsuga menziesii)

and lodgepole pinéP{nus contorta) canopies.
Riparian study design

Regional precipitation and temperature data dutigyinvestigation was acquired from
Natural Resource Conservation Service (NRCS) SNOdIEhate stations at Graham Guard
Station to the north of our sites and Mores Creghrait to the west. All study areas were
within 25 km of both climate stations. Additiongllgach stream reach was instrumented with
air temperature sensors (HOBO Pro, Onset Computgrdtation, USA). These sensors were
placed inside vented Polyvinyl chloride (PVC) seedtto protect them from direct solar
radiation and suspended 3 meters above the stalcsuiThe sensors were located in an open
area 5-10 m from the stream edge and 5-10 m fremnéfarest vegetative canopy with a
height greater than 1 m.

For this investigation a series of Z riparian soil plots were established along four
perennial 1-% order streams (Table 1). Within the larger projaeb of these streams were
randomly designated as reference streams whilettiex two were designated as anadromous
fish carcass treatment streams. The riparian doeg acference streams contained four plots
while treatment streams contained four controlefr@fice) and four treatment plots. The plots
were randomly distributed throughout the lengtieadh study reach and plots along treatment
streams randomly assigned to treatment or corltho$ was a multi-year investigation
resulting in the selection of new plots each treathyear.

Hatchery spawned Steelhe&ah¢orhynchus mykiss) carcasses were obtained from the
Dworshak National Fish Hatchery in Ahsahka, IddBSA. The potential of transferring
pathogens or disease between watersheds mandatedsteurization or heating of the
carcasses until the cranial cavity exceeded 6@rQd minutes (Wheeler et al. 2014,
Marcarelli et al. 2014). For logistical and diseastigation purposes the carcasses were also

stored frozen both before and after treatment. & treatments have been reported to slightly
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influence initial carcass fluid loss and decompositates but no overall differences in
decomposition timing or soil nutrient contributionsre detected (Wheeler et al. 2014).

In 2008, an initial investigation into the attenaatof soil N with soil depth following
the addition of fish carcass tissue was conduétedthis investigation an amendment of
pureed fish carcasses was applied to the soil plaarly August at a rate of 75 g N per plot
or roughly one-half of a 3 kg carcass. The sluragapplied to the plots in an approximately
30 cm x 30 cm area and was 2 cm deep. The carcassepureed to prevent scavenger
removal. However, time and equipment constraimgéd the amount of carcass tissue that
could be processed in the field. The blending pecequired the addition of deionized (DI)
water therefore an equivalent amount of DI watdit{dr) was added to the control and
reference plots.

In 2010, intact fish carcasses were applied ateaaa328 g N and 1340 g C per plot.
The carcasses (~3.2 kg each) were placed two pempalallel to each other, centered 30 cm
apart and staked to hinder their removal by scasengnly one of the carcasses was
removed by scavengers. This was a substantialaseri& carcass deposition rate over the
2008 amendment but was considered reflective antiall historic bear deposition behavior
based on observations near salmon streams in A{@akan et al. 2009, 2003; Holtgrieve et
al. 2009; Gende et al. 2004). The control and esfeg plots received an application of 2 liters
of DI water to control for any soil biogeochemicasponses due to the moisture in the

carcasses.
Soil sampling

To assess the change in soil N and C content, ank05cm core was collected from the
periphery of each plot one week prior to the fialcasses amendment and then directly
beneath the amendment at two weeks, four weekshandapproximately every four weeks
until winter conditions inhibited access to thesitSampling resumed in the spring once all
field sites were accessible. The soil cores calétom control and reference plots were
randomly distributed within the plots. The soil esin 2008 were separated into depths of 0-1
cm, 1-3 cm, and 3-8 cm and each portion sievednor?and homogenized with the similar
portion of an adjacent plot prior to colorimetrizadysis for extractable inorganic N. The soil
cores in 2010 were sieved to 2 mm and homogenigedvehole for extractable Inorganic N,

dissolved total nitrogen (DTN), total soil N anda€well as$$**N ands'°C, dissolved organic
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carbon (DOC), acid hydrolysable C, and microbiahbass N and C. The release of soil
respired C@from the 2010 plots was also quantified. The soiks were not separated by

depth after the 2008 treatment year in order torjparate the additional N and C parameters.
Extractable N and C

Inorganic N (NH" and NQ") was assessed by agitating 15 g of each sievedr(Rsoil

sample in 50 ml 2M KCI for one hour. The solutionsre then vacuum filtered to 0.4

and stored at -20° C until analysis. Determinatibmorganic N concentration for the 2008
samples was conducted colorimetrically using a &bA2500, at the College of Agricultural
Science, University of Idaho. The 2010 samples wwesdyzed on a Quickchem 8000, at the
Lachat/TruSpec Service Center, Washington Stateddsity, Pullman, Washington, USA.
The soil dry mass of each extracted sample wasrdigted by oven drying a separate portion
of each sieved sample at 70°C for 72 hours and balcklating based on gravimetric
moisture content.

Soil DTN and DOC as well as soil microbial biomasand C were assessed using
modified procedures from Horwath and Paul (1994)d&termine DTN and DOC, a 10 g
portion of each freshly sieved soil sample wasaagg in 150 ml of 0.5 M ¥SO, for one hour
then vacuum filtered to 0.48m. This K;SO, extractant to soil ratio (15:1) was higher than the
standard protocol (5:1) as it was anticipated thatutrient concentrations in the treated soil
samples would exceed the ion exchange capacityedfdSO, using the established protocol
(Needleman et al. 2001). Microbial biomass N anglefe assessed using the chloroform
fumigation-extraction method (Horwath and Paul 994 short, a 10 g portion of sieved soil
was fumigated with chloroform under vacuum for §sia he soils were then purged and
extracted as previously described. The microbiafaiss N and C are reported as the
difference between fumigated and unfumigated camagons. The extracts were stored at -
20°C until analysis. The soil dry mass of eachasteéd sample was determined as described
for inorganic N. The extracts were analyzed via lbostion catalytic oxidation on a TOC-
VCSH coupled with a TNM-1 analyzer, (Shimadzu Stfeninstruments, USA) at the Land
Management and Water Conservation Research LabAUSES, Pullman, Washington,
USA. Soil extractable organic N was calculatedhasdifference between DTN and inorganic
N.
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Combustion analysis

A portion of each fresh soil sample was freezedjrgound in a ball mill, and combusted for
total soil N and C as well @&°N and**C. Additionally, the acid hydrolysable portion of
total soil C was assessed following Silbeira e{2008) and McLauchlan and Hobbie (2004).
Briefly, 1 g of fresh soil sample was refluxed @@l of 6M HCI at 105° C for 2 hours then
repeatedly rinsed with DI water atop a Qrd vacuum filter membrane. The remaining soill
and recalcitrant C was dried at 70° C for 48 hemthround with a Wig-L-Bug amalgamator
and combusted for C content. The relative proporntibthe total C pool that was acid
hydrolysable was calculated as: Relative hydrdiles& (%) = (1-recalcitrant C/total C) x
100.

The use of a linear two-member isotopic mixing mMadestimate the proportion of
salmon nutrient contribution to target nutrient jso@.g. Gende et al. 2007, Koyama et al.
2005) requires th&"°N of a marine end member. For the purposes ofrikistigation the
mixing model relationship of: %MDN= ((TEM — SEM)/@M — SEM)) x 100 was defined so
that the treatment end member (TEM) is&M® observed in the treatment soils, the soil end
member (SEM) is th&"N observed in the control soils, and the marineraechber (MEM)
is the meard™N of the fluids that were released from the salmartasses to the soil.
Traditionally the MEM value has been derived frasnson carcass tissue. However, recent
evidence suggests that #féN of carcass fluids entering the soil profile maydignificantly
enriched relative to whole carcasses (Wheeler. @0dK4). Therefore th&°N values of whole
treated steelhead carcasses as well as the flitttegethe decomposing carcasses to the soill
were determined following Wheeler et al. (2014).

All isotope analysis was conducted on a FinniganTMXelta plus Isotope Ratio Mass
Spectrometer (Finnigan MAT Gmbh, Germany) in thehiol Stable Isotopes Laboratory,
Moscow, Idaho, USA. The isotope values are reporézdus the standards of atmospheric air
and Vienna PeeDee belomnite (VPDB). The precisfadhemeasurements was + 0.2%o for
5N and + 0.15%. fob™C.

Soil respiration

Soil respired C@Qwas measured using a Li-COR 6400 infrared gasg/aea(Li-COR,
Lincoln, Nebraska, USA) prior to treatment and ag#i33, 96, 300, and 361 days post
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treatment. To minimize soil disturbance and prefeaé path flow, two 10 cm x 5 cm sections
of Polyvinyl chloride (PVC) pipe were installedoth the treatment and reference plots to a
depth of 2 cm. These collars were installed twokse®ior to the start of the experiment.
Within the treatment plots, one of the salmon cssea was placed directly over the two
collars. No soil cores were collected beneath tleaseasses to avoid soil disturbance effects

on respiration rate.
Satistical analysis

To test for the effect of salmon carcass nutrientshe target soil biogeochemical properties,
a mixed effects repeated measures analysis oingarigANOVA) was utilized. The fixed
variables were treatment and time while the ranstarrable was the individual plots through
time. Time x treatment interactions were also asxkas a fixed variable. Time and time x
treatment interactions were removed from the mdduwdt significant. The model was
nullified if the time x treatment interaction wagrsficant. Significant overall differences
between treatments and controls were investigateder using one-tailed t-tests at each
sampling interval. All statistical conclusions wé@sed on an a priai= 0.05 significance
level. The data were assessed for assumptionsrofality and homogeneity of variance
using residual plots and Box-Cox transformed ags&ary prior to analysis. Analysis was
conducted using R version 2.10.0 (R FoundatiorStatistical Computing, Austria).
Additionally, the mean isotopic composition of fishrcass fluids entering the soil was tested
against the whole reference carcasses using thenggnstatistics functionality of Student's t-
tests in Minitab 16 (Minitab Inc., USA). The meaotopic composition of the fluids was

Ty + Ty Xy

determined asi'>N = , Wherex is the mean of daily observations and n is the

number of days observed.
Soil N loading estimates

The instantaneous loading of soil N per fish cas@sach sampling interval was estimated
utilizing the mean observed soil inorganic N coraion, following Gende et al. 2007, as
well as utilizing the observed DTN, and total $¢itoncentrations. The instantaneous N
loading was estimated from the difference betweaerapd post treatment soil N
concentrations observed directly beneath the deosmg carcasses and scaled to the

estimated influenced soil mass. This soil massawagprised of the soil directly beneath the
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carcasses and the soil 10 cm horizontally frometihge of the carcasses, both to a depth of 10
cm. The area of the carcasses was determined hyrtimg field images of the carcasses into
Image J 1.47 (National Institute of Health, USAheTdepth of 10 cm was derived from the
observed inorganic N concentrations with depthofeihg the 2008 nutrient amendment. The
bulk density of the soil (1.22 g ¢hhwas determined by collecting intact 5x10 cm cdrem
three plots in each treatment stream and drying thie70° C for 72 hours. These parameters
yielded a soil mass below the carcasses of 9.Z%g0cni x 1.22 g crit) and a soil mass
horizontal from the carcasses of 21.7 kg ((25500 effi700 cm) x 1.22 g crit). This soil

mass was then multiplied by the observed or asswoiétll concentration, with the soils
horizontal from the carcasses assumed to reachandentration of approximately 50% of
that observed directly beneath the carcasses loast® attenuation of inorganic N
concentration with depth observed following the 20@trient amendment.

Results
In the two weeks following the 2008 treatment thierage daily temperature within the study
reaches was 17.3° C (daily range 2.2 — 33.4) am@&MOTEL sites received 0.8 cm of
precipitation. The mean daily temperature withia $tudy sites in the year following the
2008 treatment was 4.8° C (range -28.4 — 38.3) thithmean daily temperature consistently
at 0° C or below from Decembet fio April 1°. The average precipitation for the year was 94
cm (79 — 109 cm) (NRCS 2012).

The climatic conditions following the 2010 treatrtgeled to the rapid decomposition
of the fish carcasses. At 11 days post treatméttat remained of the carcasses were skeletal
and skin fragments. During this period of decomjpasithe mean daily temperature within
the study reaches was 14.4° C (daily range 1.89) 24d the SNOTEL sites received
approximately 2 cm of precipitation. Within the dyureaches, the mean temperature over the
one year duration of the investigation was 3.0°ith the mean daily temperature being
consistently at 0° C or below from Novembé&r(100 days post treatment) to May (70
days post treatment). The average precipitatiothi®ryear was 120 cm (95 — 146 cm) (NRCS
2012).

The 2008 investigation provided insight into thedtentiveness of these inland
riparian soils as well as the depth of soil inoiigdh accumulation. The soils in this region

appear to quickly attenuate inorganic N concernati with the peak concentrations of
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inorganic N at 3-8 cm depth only reaching 25% efpleak concentrations in the soil 0-1 cm
deep. The peak in inorganic N occurred acrossegithts at around 30 days post treatment but
had declined to near background levels by one yesirtreatment. Plotting the net increases
from pretreatment concentrations of inorganic I8@tays post treatment for all three depths
as a function of the average soil depth revealaarprisingly linear decline in inorganic N
concentrations with depth (Figure 2). Placing adinregression through the maximum
observations at each depth suggests that the edftdatectable inorganic N accumulation
terminated at around 8.7 cm (Figure 2). Notablythed maximum values for the three depths
were derived from the same combined plots.

The 2010 placement of fish carcasses in thesdaipéorests yielded significant
overall increases in soil extractable and totalBble 2). By 33 days post treatment,
inorganic N had increased by 480 fold with a netease from pretreatment concentrations of
916 (219 SE) mg N kydry soil for a total concentration of 918 (218 $&) N kg dry soil
(Figure 3A). Followed by a respective net increasmtal extractable N (DTN) and bulk soil
N of 1025 (313 SE) and 1556 (649 SE) mg N kigy soil at 60 days post treatment with
respective total soil concentrations of 1035 (3E3 &d 3634 (751 SE) mg N kglry soil
(Figures 3A and B). Soil N had begun to decreas® tw the onset of winter but did not
change substantially between the November and Miaypkngs and all three N pools
remained significantly elevated at one year p@&sttinent (Table 2). Soil inorganic N was
predominantly ammonium-N. Nitrate-N was not sigraftly elevated until 300 days post
treatment where it reached (24.2 (4.2SE) m{ ¢y soil) and remained at this level at one
year post treatment.

The soil total C pool (38 (3.5SE) gkglry soil) was not significantly influenced by
the treatment. However, separating this largeGabol into major fractions of recalcitrant,
slow, and active C pools revealed that the fiskeass C contribution did significantly
contribute to the most labile active pool. The sizéhe acid hydrolysable pool (active + slow
C pools) still prevented detection of the carcas®@ribution but it is notable that this
portion of the C pool was 25.5% (2.6SE) of theltstal C pool. Where we observed a
significant increase in soil C both through timel @am amplitude was within the extractable
active C (DOC) pool (Figure 4, Table 2). Soil DO@snsignificantly elevated following
carcass decomposition and had increased nearld Tof@20 (228 SE) mg C Kgdry soil by
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60 days post treatment. Treatment soil DOC conatatrs had decreased substantial by the
onset of winter but remained significantly elevate@r control soils through one year post
treatment. The total soil C:N ratio within treatrheails significantly decreased from 21
(1.3SE) prior to treatment to 14.6 (0.8SE) at Iysdaost treatment and remained at this level
through one year post treatment.

The increases in soil N and C resulted in significsoil microbial responses. These
results are interpreted cautiously as random futiigdailures resulting in instances of
irrefutable consumption rather than liberation oAl C, thus leading to the removal of 17
samples from the microbial biomass N analysis asdmples from the microbial biomass C
analysis. However, the magnitude of the microbiairtass N increases following the
treatment lends to confidence in the conclusionishiwthese constraints, the soil microbes
were showing indications of N accumulation at 1@sdaost treatment and microbial biomass
N had significantly increased by 33 days post imesit (Figure 5, Table 2). There was a
significant overall effect of treatment on micrddi@omass N but differences between
treatment and control soils were not detected afieng snow melt. There were no
differences between treated and control soil mieddiiomass C but rather substantial
temporal variability (+ 100 mg Kbdry soil) between sampling intervals. These charige
microbial biomass C occurred in both treatment @ntrol soils suggesting they were
independent of the treatment. There was a significaerall effect of the treatment on the
soil microbial biomass C:N ratio with treatmentlsoicrobial biomass C:N decreasing from
5.4 (0.6SE) pretreatment to 3.6 (0.7SE) by 300 gags treatment. The treatment microbial
biomass C:N was not different from the controls¢8.9 (0.6SE)) at one year post treatment
(Table 2). Additional evidence of increased soitiobial activity is derived from the
evolution of CQ from the soil. A 4 fold increase in soil respil€@®, at 33 days post
treatment (Figure 6) suggests that the availalolitgrganic C from the treatment stimulated
an increase in microbial productivity. Soil respiva had declined at 96 days post treatment
mirroring the substantial decline in extractable®But remained significantly elevated
relative to the control soils (Table 2). Howevai] sespiration rates following snowmelt had
returned to background rates.

Soil §*°N increased substantially following the carcasstamtfrom 2.4%o (0.9SE)
pre-treatment to 6.7%o (2.4SE) at 13 days postrireat and a maximum of 9.2%o. (3.4SE) at
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96 days post treatment (Figure 7). The treatmeh85tN remained significantly elevated
(7.4%0 (1.3SE)) relative to control soils (2.8%. (BEB) at one year post treatment. S6IC
(-26.3%0 (0.5SE)) was not influenced by the careaihtion.

The&™N of the carcass fluids entering the soil were ificantly elevated (df=9, t=-
2.15,P=0.03) relative to whole carcasses. The wholediitasses hadsd™N of 10.4%o
(0.2SE) and &'°C of -21.5%. (0.01SE) while the me&hN and of the3**C of the carcass
fluids entering the soil were 11.9%0 (0.6SE) and 320 (0.7SE), respectively. The C:N ratio
of the whole fish was 4.08.

Loading estimates

The estimates of mean soil N loading beneath theasaes revealed a consistent N loading of
11.4 —11.5 g N per fish at 13 days post treatr(ieaible 3). At 33 days post treatment a
divergence in N loading estimates between thezetlliN parameters was observed, with the
estimates derived from the inorganic N, DTN, andltdl reaching 18.6 g N, 20.8 g N, and
25.9 g N per fish, respectively. This suggests tinganic and non-extractable N compounds
were accumulating within the soil. The soil N loaglestimates derived from the inorganic N
and DTN concentrations peaked at 33 days postigdtwhile the estimates derived from
total soil N peaked at 31.5 g N per fish at 60 dayst treatment.

Discussion
The observed soil biogeochemical responses todpesition of anadromous fish carcasses
not only demonstrates the magnitude and persistncacass nutrient contributions in
inland nutrient poor ecosystems but also providsght into the cycling of N and C
associated with fish carcass deposition. To explwee responses the instantaneous loading
of N then C in the soil directly beneath and sunding the deposited carcasses was
estimated, following Gende et al. (2007). In thiscdssion, estimates of N mineralization and
consumption as well as the observed soil respi@gate incorporated in an effort improve
upon these loading estimates. These estimates| @weanber of surprising soil
biogeochemical responses as well as highlight guotentially important knowledge gaps in
post salmon carcass deposition soil biogeochemesalonses.

The estimates of instantaneous loading as welbidsngcrobial mineralization and

consumption were based on the attenuation of sodmMtentrations with depth following the
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application of pureed carcass material in 2008r&keere a couple of concerns with applying
this relationship that should be discussed. Tl irthat the treatment loading rate in 2010
was nearly a four-fold increase over the 2008 tneat loading rate. The second issue is the
use of pureed carcass tissue as a surrogate fde wakcasses. However, the consequence of
this later concern may have compensated for teedoncern. The mechanical destruction of
skin and tissue of a decomposing organism (e lg.din&l rats) is reported to increase the rate
of decay (Drake et al. 2005, Micozzi 1986). Thisr@ase in decomposition rate logically
translates into a faster release of nutrient ricidl$ to the soil. The sooner these carcass
nutrients reach the soil the less likely they arbé diverted to other diffuse pathways, such
as invertebrate consumption (Collins and Baxtgress, Hocking and Reimchen 2006,
Meehan et al. 2005) or to volatile loss to the apiere, as has been confirmed with human
cadavers (Hoffman et el. 2009). It appears thaptireeing of the fish carcasses may have
amplified the amount of fish N that entered the fmiowing the 2008 amendment, thus
leading to similar soil N concentrations to thobsearved following the 2010 whole carcass
treatments.

It was further assumed that the decrease in smijanic N concentration with depth
following the 2010 treatment was similar to theshin response observed following the 2008
treatment (Figure 2). Integrating the peak inorgdhiconcentrations for all three soil depths
at 30 days following the 2008 treatment revealed tie soils used to create the linear
estimate of soil inorganic N penetration (the uppest values for each depth in figure 2) had
an overall inorganic N concentration of approxirhai®64 mg kg dry soil. This was similar
to the mean peak inorganic N concentration from028f1918 (219 SE) mg N Kgdry soil. It
is notable that the three point used for this linetationship were all derived from the same
set of combined plots and thus were assumed teflaetive of soil N attenuation with depth
at the observed soil N concentration. This dedlinsoil N concentration with depth in 2008
suggested that the depth of observable nutriehteénte was 8.7 cm. Based on this evidence
and to encompass potential variability betweensplitite 2010 soil samples were collected to
a depth of 10 cm and the estimates of N and C hgachliculated to this depth.

The lateral extent of salmon carcass nutrient @rfee was also based on the vertical
attenuation of soil N concentrations. The exteriatdral N movement in coastal soils has
been reported at 20-40 cm from the edge of theasarGende et al. 2007, Drake et al. 2005).
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However, it was assumed that the gradient of laterient loading was similar to vertical
loading based on the apparent retentiveness dittitly soils and conservatively adopted 10
cm as the horizontal extent of N accumulation. gshe linear relationship from the 2008
observations (Figure 2) it was estimate that the¥aye inorganic N concentration across this
0-10 cm expanse was approximately 50% of the peakentration. There was presumably
some additional later movement of nutrients byditsand scavengers that was neglected in
these estimates. However, the lateral concentabbsoil nutrients were not quantified and
the estimates therefore restricted to a consewvatiga of lateral nutrient influence.

The rapid decomposition of the fish carcasses lamdNtlimited status of the study soil
accentuate some of the underlying processes othhgy The visible completion of soft
tissue decomposition was reached at 11 days matrient. However, the peak in inorganic
N did not occur until 33 days post treatment aredgeak in total extractable and bulk soil N
did not occur until 60 days post treatment (Figl8&sand B). This delay in peak N loading
would be expected if a large quantity of organiCN'N minus IN) or even non-extractable N
(Bulk soil N minus DTN) was observed in the soitte¢ end of soft tissue decomposition but
no such large increases were detected at 13 daysrpatment (Table 3). This lack of
difference in non-extractable N would suggest &hportion of the carcass N was initially
bound within the >2 mm coarse soil and litter fraict This would also include a large
number of fly larvae that were found in the uppenbof soil with potential digestive tracts
full of nutrient rich fluids. These larvae were taned in the coarse fraction that was
removed during sieving, potentially leading to ader-estimate of the N loading (Whitney
and Zabowski 2004).

The ability to improve upon the instantaneous Nliog estimates by incorporating
potential soil mineralization and consumption rasedifficult due to a lack of published rates
for forest soils following a concentrated organieeandment of this magnitude. However, the
estimation of soil N loading provides some insigho the soil biogeochemical processes
associated with fish carcass deposition. Beginmiitlg the time period surrounding the
salmon carcass decomposition (0-13 days), a repedi mineralization rate for this region
of 1.2 mg N kd dry soil d* (Koyama et al. 2010) can be utilized as the pratment
mineralization rate. Based on the total soil N eoh&t 13 days post treatment, an

approximate mineralization rate of 4.0 mg N'kdyy soil d* can be derived from the
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relationship between total N and mineralizatioresateported by Booth et al. (2005).
Assuming that the increase in soil mineralizati@swomewhat linear, the average daily
mineralization rate would have been 2.6 mg Nduy soil d*, resulting in a gross
mineralization of N over the 13 days within theirestted carcass influenced soil volume of
1.035 g N. This mineralized N likely contributettlé to the observed extractable N pool at
13 days post treatment (11.5 g N) due to potepteajlivalent rates of microbial consumption
(Koyama et al. 2010, Booth et al. 2005, Stark aad B997), suggesting that a large portion
of the observed N at 13 days post treatment mag hlieady been in a mineralized form
prior to entering the soil. This is not surprisgigen the role of fly larvae and microbes in the
decomposition of carcasses and the resultant ptiotiuzf ammonia rich metabolic wastes.
However, an abundance of inorganic N at the sofbse or within the carcass cavity has
implications for atmospheric N loss and the isataptio of the soil N contribution, as will be
discussed later.

The exploration of soil microbial mineralizationdaoonsumption rates suggests that
mineralization rates may exceed published valuesrder for the soil inorganic N to reach its
peak of 918 mg N Kgdry soil at 33 days post treatment, mineralizatimuld have needed
to exceed ammonium consumption on average by 1Bghgry soil d* between 13 and 33
days post treatment. This would put the minerdbratate at a substantial departure from the
predictive relationships developed by Booth e{2005). A second relationship between
microbial biomass N and ammonium consumption framotB et al. (2005) can therefore be
utilized to estimate the ammonium consumption natesre consumption includes microbial
assimilation and nitrification. Using the mean alvsd microbial biomass N value at 33 days
post treatment (0.091 g Kpythe consumption rate can be calculated as: laguwoption =
0.48 x log (.091) + 1.102 = 4.0 mg'kgry soil d* (Booth et al. 2005). This estimate seems a
bit conservative given the amount of labile N anddded to the soil but is in agreement with
reported soil microbial ammonium uptake rates (4kgigsoil d*) for this region (Koyama et
al. 2012). Additionally, soil microbial biomass Mlg increased at an average rate of 1.8 mg
N kg dry soil d* between 13 and 33 days post treatment (Figudeus)her, the lack of
observed solil nitrate would also suggest that tbegnitrification rate was less than 2.5 mg N
kg™ soil d* based on the relationship between gross nitrateuroption rates and gross

nitrification rates in forest soils reported by i®tand Hart (1997). Exceeding the estimated
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ammonium consumption rate by 18 mgapil d* would therefore require a gross
mineralization rate of 22.0 mg Kgsoil d*. Applying this to the estimated influenced soil
volume over the 22 day period would suggest thatdatitional 10.2 g N was mineralized.
This brings the estimated N loading at 33 days freatment based on soil inorganic N to
29.8 g N per fish and the estimate based on tated@able N to 31.7 g N per fish. The soil N
loading estimates at 33 days post treatment defroad the extractable N concentrations,
when adjusted for soil microbial mineralization ammhsumption, exceeded the instantaneous
N loading estimate derived from total soil N (2§.8l per fish), suggesting that either the
estimated mineralization and consumption rates weeeror or that N was being removed
from the target soil volume. It is evident from skeestimates that further investigation into
soil mineralization and consumption rates followfrslp carcass deposition are needed.

The remaining unknowns for these soil N loadingnestes are the removal of N by
vegetative consumption and volatile loss. Basethervegetative uptake of N within forests
of the north-central Oregon Coast Range with simidtal soil N content, the uptake of N by
vegetation may have accounted for the removal wghty 0.3 g N (Perakis and Sinkhorn
2011) in the 33 days following carcass depositiaroking at volatile loss in interior
ecosystems, salmon spawn in this region durindgtieesummer to fall when climate
conditions are the driest and warmest of the yiealtgn 1968). These conditions would
promote the volatile loss of ammonia during anthemweeks following carcass
decomposition (Miles et al. 2011, Zhang et al. 20T8&e high accumulation of N near the
soil surface as suggested by the 2008 investigatand further increase the potential for
volatile loss of ammonia. The obsen&adN enrichment of the carcass fluids entering the soi
as reported by Wheeler et al. (2014) and agaihigiimvestigation, suggests that
discriminatory loss of N is occurring. However,aar knowledge the volatile loss of
ammonia following anadromous fish carcass depashis not been directly investigated.

Exploring these loading estimates further usingdlitiear two-member mixing model
to calculate the percentage of the bulk soil N moohprised of marine derived N (Gende et
al. 2007) suggests the portion of total soil N casgal of salmon N at 33 days post treatment
was 65%. This attests not only to the N defici¢atus of this region but also the potential
importance of salmon as a nutrient subsidy inrggon. Based on a total soil N at 33 days

post treatment of 3.4 (0.5 SE) g Nkdry soil and utilizing the estimates of influencsail
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volume and N concentration, the mixing model sutggasnean loading of 44.3 g N per fish.
By comparison, the estimate using the net chang@ahsoil N from the pretreatment
concentrations at 33 days post treatment sugdestontribution was 25.9 g N per fish. At
60 days post treatment the estimates of peakingNdoading based on the change in total
soil N and the isotopic mixing model were 31.5 @il 50.9 g N per fish, respectively.

Looking specifically at the soil under the carcasse33 days post treatment to rule
out any error propagated by the assumptions ogzbotal nutrient movement, the N loading
based on the change in total soil N was 12.0 gmMigle while the N loading based on the
mixing model was 20.5 g N per fish. The changetaltsoil N was utilized for this
comparison, rather than the estimated soil N coumtion using the mineralization and
consumption rates, as the s&N utilized for the mixing model estimate was ded\feom
the total soil N pool. The difference in loadindiestes between the total soil N pool and the
mixing model estimate may arise from several inilieg factors. The first may be that the
observed net increases in total soil N do not aaledyiaccount for N removal by vegetation.
Forests of the Pacific Northwest with severe natrignitations are known to have a higher
fine root biomass relative to more fertile sitedifitonds et al. 1989) and thus a greater N
uptake and storage potential.

A second potential source of error in the N loadistimates is an inability to account
for volatile N loss, which is related to a thirctfar of potential fractionation during volatile N
loss. Ammonium (N and ammonia (NkJ coexist in a state of equilibrium which favors
ammonia with increasing temperature (Zhou et &0920arschner and Rengel 2007). The
daily temperatures within the study areas freqyaethched highs of 30-34° C in the month
following treatment, suggesting the presence of amanwas favored. The energetic
properties and preferential volatilization'dfHs would result in an enrichment of the
remaining N pool (Fry 2006). The fourth factor mential fractionation during soil microbial
mineralization and nitrification. The metabolismMfesults in the biotic accumulation 6N
and a depletion af*°N in waste products (Fry 2006). The removal of ¢hesste products
(i.e. ammonium and nitrate) from the soil pool l®getative consumption or atmospheric
loss, results in enrichment of the remaining N paekching would be a fifth N loss pathway.
Though, the apparent N retentiveness of the stailly Isased on the 2008 depth observations

and the small amount of precipitation received myithis time period (~2 cm) would suggest



61

a minimal loss of N through leaching. Any or alltbése mechanisms working in concert
could greatly reduce the abundance of soil N as ageihflate the N loading estimates based
on the soil isotopic N ratios.

It is therefore concluded based on these potepdidiways of N loss and isotopic
enrichment that the actual soil N loading from efish carcass likely fell within the range of
the estimates derived from the total soil N andogi@ mixing model methods. The N loading
estimates previously derived utilizing the extratgasoil N in conjunction with
mineralization and consumption rates also supgbigsconclusion. These estimates of soil N
loading in close proximity to the carcass were abgrably lower than the total N contained
within each fish carcass. However, it is emphasthatia large proportion of the total soil N
pool was potentially comprised of fish carcasstNs further emphasized that diffuse
pathways of nutrient redistribution within the egstem would not be accounted for in these
estimates. This would suggest that salmon nutdentributions may have historically been a

substantial source of N within these oligotroplmiand ecosystems.
Carbon loading

One of the discussions that is largely lacking fitbi@ salmon nutrient literature is that of the
influences of the labile carbon contribution tol switrient cycling. This may be largely due to
the size of the resident soil C pool and its aptlit obscure the influence of a salmon C
contribution (Holtgrieve et al. 2009, Gende et28l07). The pre-treatment total soil C was 38
g kg* dry soil, which equates to roughly 1,200 g C wittlie estimated carcass influenced
soil mass. The treatment fish carcasses contameghly 670 g C. This is about 50% of the C
in the bulk soil. However, a large portion of tob@ntribution was potentially consumed by an
abundance of fly larvae and microbes during cardassmposition (Collins and Baxter in
press, Hocking and Reimchen 2006, Meehan et ab)20Be primary evidence of a
significant soil C contribution was from the exti@ze DOC pool (Figure 4). Calculating an
instantaneous net extractable C loading as dorreNviuggested a mean net loading of 5.8,
11.6, and 14.2 g C at 13, 33, and 60 days postriezd, respectively. Using the C:N of the
whole fish carcasses (4.08) and the total soiladdliieg estimates a C contribution of roughly
46.9, 105.6, and 128.5 g C per fish would have lex@ected in the absence of C

consumption.
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This is a large gap in the C budget and only a lspaation of it was accounted for as
soil respired C@ Extrapolating the observed peak soil respiratida (10.59mol m? s?) to
the surface area of the carcasses (77) and the 10 cm surrounding the carcasses (1780 cm
%) with the expectation that the respiration in $é surrounding the carcasses was 50% of
the max;, the respiratory loss of C reached appratdéin 1.8 g C d. The steep upward trend
in soil microbial biomass N suggests that the nti@bresponse to the nutrient addition was
rapid. If it is assumed that the average respiyafbloss reached 1.8 g C by 13 days post
treatment (average of 0.9 g C Hetween 0-13 days) then soil respired,@@uld account for
approximately 28%, 38%, and 42% of the consume@ D-13, 13-33, and 33-60 days post
treatment, respectively. A sizable portion of thesimg C at 13 days post treatment could be
attributed to above ground metabolic consumptiofiyoharvae and microbes during carcass
decomposition. This would support the assertiohriast of the observed N at 13 days post
treatment was already mineralized prior to entetimegsoil. Our inability to detect significant
contributions of carcass C to the larger soil Clp@o microbial biomass C leaves the fate of
the remaining C largely unknown. However, DOC raradiconsistently elevated at one year
post treatment suggesting that this C was slowilygokberated to the active C pool.

We were unable to confirm the liberation of seqgeiest N due to soil microbial
"priming”. The observed increases in soil N and &eneasily attributed to the liberation of N
and C from the carcasses. Further, with the s@ibhtentrations remaining elevated at one
year post treatment, relative to pretreatment afetence concentrations, it was not possible
to determine if sequestered soil N was being lifeeral he size of the soil recalcitrant and
slow C pools also largely limited the ability tcsass C liberation from these pools. However,
it is notable that DOC remained elevated at one gest treatment while soil respiration had
returned to background levels. These responseglaasithe possibility of long term priming

of microbial productivity require further examinati
Implications

The elevated levels of soil N and C at one yeat fpeatment within these inland soils
demonstrates the N retentiveness of these ecosystemell as the long term effects a
carcass deposition event has on the availabiligodfN. This availability of N would not
only benefit those vegetative species capable mtalezing on and storing this pulse of N

(Drake et al. 2006) but the persistence of avaslabil N would ensure species with annual or
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perennial life cycles would also benefit during thibbsequent growing season. The resultant
increases in vegetative biomass production cantleémhg term increases in both above
ground and below ground productivity and changdsadiversity through biotic feedbacks
(Roe et al. 2010, Bump et al. 2009, Kaye and H3971Hobbie 1992). This has been shown
in relation to the decomposition and feeding betyavof ungulates in numerous ecosystems
(Bump et al. 2009,Parmenter and MacMahon 2009, IDanal. 2002, Towne 2000). For
example, the spatial patterns of wolf predatiommose in Isle Royale National Park have
been attributed to changes in soil nutrient avditgpsoil microbial biomass, and vegetative
quality patterns within this ecosystem (Bump e2809). This increase in vegetative quality
leads to soil nutrient feedbacks through increaseeescent litter quality and increased
herbivory by moose and thus soil nutrient feed babkough metabolic wastes. Not to
mention the increased likelihood of additional wmlédation in these areas. The persistence
and availability of soil N to herbaceous plantsha growing season following carcass
deposition may accelerate or amplify these efféutsugh increased biomass production and
increased litter feedbacks.

A salmon carcass lacks the large biomass of anlateglike a moose but this is offset
by the high number of salmon carcasses potentiaibosited within the forest both spatially
and temporally. A salmon carcass has been demtetst@have a localized influence on soill
nutrients (Gende et al. 2007, Drake et al. 2008wéter, the spatial distribution of these
numerous carcasses may be more advantageousftovdbed ecosystem than the death of a
few ungulates by creating nutrient access to algogrtion of the soil and plant community.
The historic abundance of salmonids returning smsgpwithin the Columbia River Basin has
been estimated at between 8 — 14.9 million fiskegBret al. 2000, NRC 1996). These
salmonids spawned within approximately 21,325 krhisforically accessible stream habitat
(NRC 1996). Bears have been observed carrying sses200 meters into the forest (Gende
and Quinn 2004) but isotopic and carcass deposgtiatence suggests most are deposited
much closer to the stream edge (Gende et al. B, et al. 2003, Hilderbrand et al. 1999).
If we assume the mean riparian area of greatestsitegn is within 50 m of the stream and a
carcass deposition rate of 25% of the run (Quirad.e2009, 2003), there would have been an
average deposition across the Columbia River Bafs#8-175 carcasses har™ within these

riparian corridors. Using the calculated soil cimttion of 31.5 g N per fish, this equates to
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roughly 3-5 kg N ha yr* within these riparian corridors. An additionallinf of N would

also be expected from metabolic wastes derived frarbasses consumed within the stream
(Quinn et al. 2009, Hilderbrand et al. 1999). Bynparison, the vast majority of the Pacific
Northwest is reported to receive less than 1 k@Riyn* from atmospheric deposition
(NADP 2012, Galloway 2004). The accumulation oflNsemi-arid inland forests from N-
fixation is also suspected to be quite low at thas 2 kg h& yr (Jurgensen et al. 1990).
This places the deposition of anadromous carcassagotential major contributor of N to
these inland riparian ecosystems.

Conclusion

The results of this investigation demonstrate tlagmitude of influence the deposition of
salmon carcasses has on the soil biogeochemisimjaoid oligotrophic forests of the Pacific
Northwest. This investigation revealed increasesoihavailable N directly below salmon
carcasses that not only exceeded coastal obsersdiid also remained elevated at one year
post treatment. This persistence of availablel$dhrough the subsequent growing season
results in the accessibility of N by a larger numtiievegetative species with differing life
cycles. The deposition of a salmon carcass hasdesmed a localized event but through the
N attenuation of these inland ecosystems and tbeteal probability of vegetation near
salmon bearing streams encountering a salmon cancde metabolic remains of one, the
productivity of these forests may have been hisadlyy maintained. We observed a dramatic
increase in microbial activity as indicated by ane4 fold increase in soil respiration and a
4 fold increase in microbial biomass N but we did confirm a "priming" effect in the sense
of microbial liberation of pre-existing N and C eeges. A large portion of the N and C in the
carcasses was not accounted for in the soil loaghktighates. An undetermined amount of this
N and C may have been lost through metabolic pseseand volatilization. However, a
considerable amount of this N and C may have atem lexported from the plots to other
parts of the forest by the emigration of fly lanasewell as through consumption by other
insects and scavengers. It is apparent from thesereations that mitigation efforts in inland
ecosystems would benefit from further investigaiio the influence of salmon derived
nutrients in semi-arid inland riparian forests,tatarly in regard to soil microbial responses

following salmon carcass deposition as well agpibtential for volatile N loss.
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Table 1. Description of study sites within the Ndfork Boise River watershed.

Stream Latitude (N) Longitude (W) Elevation (m) Saml/Silt/Clay (%)
Banner Creek 43°59'14" 115°32'46" 1625 73/6/21
Beaver Creek 43°49'30" 115°31'08" 1311 94/4/2

Little Beaver Cr. 43°58'07" 115°35'48" 1572 75/25/1

Trail Creek 43°54'00" 115°23'12" 1571 68/28/5




72

Table 2. The results of statistical analysis usemeated measures analysis of variance

(ANOVA) for overall treatment effect through timadione-tailed t-tests for differences at

each observational day.

One-tailed t-tests

Days since treatment

Dependent Soil Repeated 13 33 60 96 300 361
Variable Measures
ANOVA
Inorganic N DF =14 DF=13 DF=13 DF=14 DF=14 DF=14 DF=14
T=-141 T=218 T=218 T=119 T=94 T=94 T=277
P<0.01 P<0.01 P<001 P<001 P<001 P<0.01 P<0.01
Organic N DF =14 DF=13 DF=14 DF=14 DF=14 DF=14 DF=13
T=35 T=1.6 T=25 T=23 T=30 T=29 T=23
P<0.01 P=0.07 P=001 P=0.02 P<001 P<0.01 P=0.02
Total N DF =14 DF=14 DF=14 DF=14 DF=14 DF=14 DF=14
T=-23 T=18 T=26 T=26 T=20 T=n24 T=22
P=0.04 P<0.05 P=001 P=001 P=003 P=0.01 P=0.02
Total C DF =14 NA NA NA NA NA NA
T=-0.7
P=05
Total C:N DF =14 DF=14 DF=14 DF=14 DF=14 DF=14 DF=14
T=-45 T=5.8 T=3.8 T=6.5 T=65 T=34 T=31
P<0.01 P<0.01 P<001 P<001 P<001 P<0.01 P<0.01
Relative DF =14 NA NA NA NA NA NA
Hydrolysable C T=-05
P=0.6
Dissolved DF =14 DF=14 DF=14 DF=14 DF=14 DF=14 DF=14
Organic C T=-41 T=5.0 T=34 T=44 T=31 T=25 T=33
P<0.01 P<0.01 P<001 P<001 P<001 P=0.01 P<0.01
Soil Respired Not DF =14 Not DF=14 DF=14 DF=14
CoO, measured T=39 measured T=1.8 T=0.2 T=0.6
P<0.01 P<0.05 P=08 P=03
Microbial DF =14 DF =11 DF =13 DF=13 DF=10 DF=11 HEl
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Biomass N T=29 T=1.0 T=27 T=36 T=34 T=01 T=04
P=0.01 P=0.2 P=001 P<001 P<001 P=04 P=04
Microbial DF =14 NA NA NA NA NA NA
Biomass C T=0.3
P=0.7
Microbial DF =14 DF=10 DF=12 DF=10 DF=10 DF=10 DF=8
Biomass C:N T=-64 T=4.6 T=43 T=45 T=143 T=152 T=0.3
P<0.01 P<001 P<001 P<001 P<001 P<001 P=07

Notes: The repeated measures ANOVA for soil redpB€ is not shown due to a significant

effect of time. Not applicable (NA) entries signifyat t-tests were not conducted due to a

non-significance of the repeated measures ANOV A Tlstatistics are derived from F

statistics and are therefore absolute values 8oldedP-values are significant at= 0.05.
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Table 3. Estimates of instantaneous soil N loadirgpils directly under and 10 cm
surrounding anadromous fish carcasses based amcnedises in soil inorganic N, dissolved

total N (DTN), and total soil N concentrations.

Instantaneous N loading

(9) using:
Days

y Total

Since IN DTN .
Soil N

Treatment

13 11.4 11.5 11.5
33 18.6 20.8 25.9

60 16.3 20.8 31.5
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Figure 1. A map of the study area within the Ndttnk Boise River watershed with an inset
showing the study location within the western UthiStates. The study streams of Little
Beaver Creek and Trail Creek received anadromsbscircass amendments while Banner
Creek and Beaver Creek were utilized as referetnearss. Image created by Jamey
Anderson.

Figure 2. 2008 soil inorganic N (NHN + NOz-N) concentrations for soils at 0-1, 1-3, and 3-
8 cm in depth across n=4 carcass slurry treatmetd at 30 days post treatment when
observed concentrations peaked. The linear fitddimle) is through the maximum values in
order to estimate the maximum penetration deptheN contribution. These maximum
values across all three depths derive from the sanef homogenized soil samples.

Figure 3. The mean A) Soil extractable inorganid arganic N and B) Bulk soil total N for
n=8 soil plots in relation to days since treatmar2010. The values to the left of zero are
pretreatment values. There was an overall sigmfieffect £<0.05) of treatment on all three
N concentrations (Table 2). The asterisks indisggificant £<0.05) point in time

differences between treated and control solls.

Figure 4. The mean soil dissolved organic carbd@@Pfor n=8 plots in relation to days
since treatment in 2010. Values to the left of zm®pretreatment concentrations. There was
an overall significant effecP&0.05) of treatment on DOC (Table 2). The asterisigate
significant £<0.05) point in time differences between treated @ntrol soils.

Figure 5. Mean soil microbial biomass N in relattordays since treatment in 2010. Values to
the left of zero are pretreatment concentratioam@e size varies from n=5-7. There was an
overall significant effectf<0.05) of treatment on microbial biomass N (TableThe

asterisks indicate significarP€0.05) point in time differences between treated @mtrol

soils.

Figure 6. 2010 soil respired G(=8) in relation to days since treatment. Valuezeao are
pretreatment concentrations. There was an ovegalificant effect P<0.05) of treatment on
soil respired CQ(Table 2). The asterisks indicate significaP@.05) point in time

differences between treated and control solls.
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Figure 7. The sois*°N of the 2010 riparian plot soils as a functiordefs since treatment.
Error bars are standard error of the mean. Thelimélues are the pretreatment values. The *
indicates a significant difference @t0.05 ind"°N between the soils of the treated and control
plots. The dashed trend lines visually connectita trends but are not empirical due to an

inability to quantify soils during the snow covengthter months.
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Chapter 4
Marine derived nutrients and understory vegetationin oligotrophic inland riparian
forests of the Pacific Northwest, USA
Tadd A. Wheeler, Kathleen L. Kavanagh

Abstract
The flow of nutrients within and between ecosystassvell as the productivity of these
ecosystems is often attributed to complex biogewite interactions between multiple
trophic levels. There is mounting evidence thataheual return of salmonids to their natal
streams and the productivity of forested ripariensystems is one of these complex
relationships. The transfer of salmon-born nutsento riparian ecosystems and the
utilization of these nutrients have been reportémivever, nearly all of these investigations
have taken place in maritime coastal ecosystemsenéurning salmonids remain abundant
and the forests highly productive. By contrastaat\ymajority of historic Pacific Northwest,
USA spawning habitat was within semi-arid, oligpina: inland ecosystems. The objective of
this investigation was to quantify the annual amdr-annual responses of riparian vegetation
to the deposition of anadromous fish carcassebgaotoophic inland riparian forests.
Perennial vegetation growing near carcass tredatedrss but not receiving direct deposition
of carcass tissue revealed the transfer of aquoatitents into the riparian forest within 30
days of the stream treatment. The observationa@énstory perennial vegetation following
direct carcass deposition revealed that herbacgmeses had assimilated this nutrient
subsidy by one year post treatment but that th@ures contribution was depleted within two
to three years. Conifer seedlings appear to hamach higher nutrient acquisition and storage
capacity as foliage produced three years aftelasarnutrient additions contained large
guantities of marine derived nitrogen. It is evitédrat additional consideration of the annual
and inter-annual flow of salmon derived nutrientthim these inland ecosystems in needed

before mitigation for the decline of this subsidnde appropriately prescribed.
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Introduction

Understanding how the flow of nutrients within aretween ecosystems influences
productivity is vitally important for the comprelsme management of ecosystems.
Understanding these nutrient fluxes can be a diffiask when the flow of nutrients is
influenced by the productivity and migratory patiepof fish and wildlife (Bump et al. 2009,
Danell et al. 2002, Hocking and Reynolds 2011)epahdent on interactions between species
(Bump et al. 2009, Gende et al. 2004, Helfield Blatman 2006, Hilderbrand et al. 1999,
Holtgrieve et al. 2009). The return of anadromasis fo their natal streams is an example of
this complex interaction.

Pacific salmonids returning to their natal streamespreyed upon in great numbers by
bears (Quinn et al. 2009, Quinn et al. 2003), wekAdams et al. 2010), and other
scavengers (Cederholm et al. 1989) who deposiapigrtonsumed carcasses and metabolic
wastes (Hilderbrand et al. 1999) throughout tharigm ecosystem (Holtgrieve et al. 2009),
creating spatially heterogeneous gradients ofradiient availability (Bartz and Naiman
2005, Drake et al. 2005, Gende et al. 2007, Gehde 2004, Hilderbrand et al. 1999).
Salmon derived nutrients also move into the ripafaaest through hyporheic transfer of
dissolved nutrients (O'Keefe and Edwards 2003). udeeof these nutrients, particularly
nitrogen (N), by riparian vegetation has been destrated using natural gradients' i
abundance between marine and natal ecosystemdd®ad-et al. 1998, Bilby et al. 2003,
Hilderbrand et al. 1999, Hocking and Reynolds 2Kldyama et al. 2005). The presence of
spawning salmon has also been attributed to inessiasvegetative growth (Helfield and
Naiman 2001) as well as abundance driven gradieri®diversity and productivity across a
landscape (Hocking and Reynolds 2011). Howeveh thié exception of Koyama et al.
(2005), all of these investigations have focusedaastal maritime ecosystems where salmon
returns remain relatively robust (NRC 1996) andftivests characterized by their high
productivity (Grier 1979).

By contrast, more than 80% of historic natal salrhahitat in the Pacific
Northwestern USA is contained within the ColumbiadR Basin (NRC 1996). This inland
region is dryer and warmer than coastal ecosystameell as substantially more N limited
(Koyama et al. 2010, Koyama et al. 2012, Moore Miich 1991, Stephan et al. 2012,
Wheeler and Kavanagh in review). This N limitatman be partially attributed to low rates of
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atmospheric deposition (< 1 kg Nhgr!, NADP 2014) and N-fixation (< 2kg N Har?,
Jurgensen et al. 1990) as well as the weatheriggamiitic parent geology in some sub-basins
that contributes little to the N needs of the estay (Henderson et al. 1978). The lack of N
availability in forested ecosystems has been agtagtivith N retentive responses in woody
vegetation including the reclaiming of N prior #ngscence and the translocation of N from
older to newer needles (Aerts 1996, Edmonds a989, Millard and Grelet 2010, Salifu and
Timmer 2001, Tully et al. 2013). The decades latgmtion and internal recycling of N
within conifers of these inland riparian forests lh@en reported (Koyama et al. 2005).
However, these adaptations have the resultantemtittycling consequence of increasing the
litter C:N ratio (Heath et al. 1988, Valachovicat2004) which can lead to the suppression
of soil microbial mineralization rates and the lextractable N availability that is common in
many forests of the inland Pacific Northwest (Hgral. 1997, Henderson et al. 1978,
Koyama et al. 2012, Koyama et al. 2010, Stark aad H97). This suggests that the spatial
distribution and frequency of salmon nutrient defp@s may be even more important to the
productivity and diversity of inland riparian fotedoth on an annual and inter-annual time
scale.

The soil biogeochemical responses to the deposifiamadromous fish carcasses in
semi-arid inland riparian forests differ considedyaibom those of the coastal Pacific
Northwest (Wheeler et al. 2014, Wheeler and Kavanageview). Anadromous fish
carcasses decompose in as little as two weekgsgetimland ecosystems (Wheeler et al. 2014,
Wheeler and Kavanagh in review) whereas decompasditi a coastal forest has been
reported to take up to 10 weeks (Drake et al. 20D&is rapid decomposition rate in inland
ecosystems can lead to substantially higher coretgorts of soil N availability (Wheeler and
Kavanagh in review) relative to coastal ecosystébnake et al. 2005, Gende et al. 2007,
Holtgrieve et al. 2009). The N retentiveness obéhsoils also appears to lead to the
persistence of elevated soil N for at least one f@kwing the deposition of fish carcasses
(Wheeler and Kavanagh in review). By contrast, coestal investigation reported soil N
returning to background concentrations in as laddhree months (Gende et al. 2007). A
second study reported elevated but declining cdratsons of soil N at six months post
carcass deposition but did not report values begonchonths (Drake et al. 2005). A third

study reported soil N concentrations returningeterence conditions by one year following
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carcass deposition (Holtgrieve et al. 2009). Howethe Holtgrieve et al. (2009)
investigation only reported soil N concentratiohgha time of carcass deposition and at one
year following deposition. The persistence of etedaoil N levels in inland ecosystems
through the growing season following carcass deéjoosis a drastic contrast to the N limited
characteristics of this inland region (Koyama ef@ll2, Koyama et al. 2010, Wheeler and
Kavanagh in review) and could lead to dramatic eesps in vegetative productivity and
biodiversity within these ecosystems (Hocking amgridlds 2011).

Following the deposition of anadromous fish careasge would expect both short
term (weeks to months) and longer term (years) tadige responses. The first is an increase
in foliar N concentrations. This increased foliacduld in turn be expected to elicit short
term increases in leaf level photosynthetic cagdGobugh et al. 2004, Mitchell and Hinckley
1993). Ultimately, this extra N should lead to ldegn increases in above ground biomass
production (Balster and Marshall 2000, Gough e2@04, Moore and Mika 1991) and a
decline in foliar N concentrations and leaf levkbppsynthetic capacity towards pre-treatment
levels (Gough et al. 2004) in exchange for incrédasgeole plant photosynthetic capacity via
increased photosynthetic biomass. One method eksaisg) this short term increase in
photosynthesis is through the use of the raticadba@n isotopeSC/*°C or§*C in the foliage
(Farquhar et al. 1982). Photosynthesis requiresiibMement of C@from the atmosphere
through several restrictive layers of the leaf,stmnmata and the mesophyll, which results in
discrimination against the heavié€ and thus a foliad"C that is lower than the atmosphere
(Farquhar et al. 1982). However, if the rate oftpegnthesis were to increase without
increasing gas exchange capacity (i.e. more stortradoliars**C would be expected to
increase (Farquhar et al. 1982). This is due tmer@ased demand for G@hat begins to
override'C discrimination. Though this method can be conftmehby the influences of
water use efficiency on the C isotope ratio (Faequét al. 1982, Mitchel and Hinckley 1993),
it assesses potential increases in leaf level glgatbesis within the natural constraints of the
environment rather than maximum photosynthetic iae(Amay Of the leaf. This may be
more biologically representative of actual vegetatiesponses to salmon carcass deposition.

The deposition of millions of salmon carcasses@lbe 21,325 km of accessible
streams and rivers of the Columbia River Basin (NF®G6) was historically an annual event.

The associated influx of N into riparian ecosysteémeugh aquatic nutrient transfer (O'Keefe
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and Edwards 2003) and salmon carcass depositidaefdrand et al. 1999, Holtgrieve et al.
2009, Quinn et al. 2009, Quinn et al. 2003) mayehanstituted a vital N source for
vegetation of these oligotrophic riparian ecosysteifowever, the large amounts of biomass
and thus large reservoirs of internally cycled Narests make it difficult to quantify the short
term vegetative responses to renewed salmon catepssition. Thus, the objective of this
investigation was to measure the influences of saloarcass deposition on understory
herbaceous and tree seedling N utilization andymtadty in semi-arid inland riparian
forests. Specifically: 1) what changes in foliaa@ N chemistry are elicited in herbaceous
vegetation growing near the stream edges followhegdeposition of anadromous fish
carcasses into the streams? 2) What changesam @land N biochemistry are elicited in
herbaceous species growing within the ripariansisréollowing the terrestrial deposition of
anadromous fish carcasses? 3) What changes in @bad N biochemistry and above
ground biomass production are elicited in conitadlings following the terrestrial deposition

of anadromous fish carcasses?

Methods
Sudy location

This investigation is nested within collaboratiesearch efforts in central Idaho, USA to
guantify ecosystem wide biogeochemical responsealtoon nutrient deposition within the
oligotrophic North Fork Boise River watershed (@aland Baxter in press, Marcarelli et al.
2014, Wheeler et al. 2014, Wheeler and Kavanagéview). The natal contributions of
salmon derived nutrients to this watershed weragglyr severed in the early 1900's by the
installation of dams, leaving the weathering of dpgeologic material (the granitic Idaho
Batholith) as well as low levels of atmospheric aifion and N fixation (<3 kg N Har™
Jurgensen et al. 1990, Henderson et al. 1978, NAM@R) to sustain the productivity of these
riparian ecosystems.

The climate within the North Fork Boise River wateed is semi-arid with warm, dry
summers and cold, moist winters. Snotel weathéiosgwithin the North Fork Boise
watershed report mean annual temperatures ovéaishvo decades of 5-8° C with mean
monthly temperatures of -4° C in January and 16.51 July. The mean annual precipitation
is 77-117 cm, predominantly as snow (NRCS 2012¢ fmarian vegetative communities are

open mixed conifer forests comprised of willov&al(x. spp), dogwoodornus spp.), and
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tall grassesKestuca spp.) (Marcarelli et al. in press) residing undexdominantly Douglas-

fir (Pseudotsuga menziesii) and lodgepole pinBifus contorta) canopies.
Experimental design

Within the Boise River watershed, si¥ 4 3° order streams were randomly assigned as
salmon carcass treatment streams or referencensti@ablel). In early August, for three
consecutive years (2008-2010), anadromous fistasaes@ncorhynchus spp.) of hatchery
origin were placed in the treatment streams aswhcally estimated rate of 0.5 carcass m
(IDFG 1985). These carcasses were treated witkifrgend pasteurization (heated until the
cranial cavity exceeded 60° C for 20 minutes) duedncerns of spreading pathogens
between watersheds (Compton et al. 2006, Noga 2i@Qhese treatments were not expected
to dramatically alter the ecologic outcomes ofitheestigation (Wheeler et al. 2014).

It is important to note that within this investigat the foliar C and N of common
horsetail Equisetum arvense) is investigated within two different geographéttengs, each of
which has a different nutrient import vector. Oaedtion is near the stream edge where
horsetails would access diffuse nutrients fromithgtream deposition of anadromous fish
carcasses whereas the other location is 10-30 snatey from the stream and subjected to
the direct terrestrial deposition of fish carcassean effort to separate these two components
of the investigation they will be referred to agéamside" horsetail and "forest" horsetalil.

To investigate the annual and inter-annual infl@snaf aquatic nutrient transfer from
in-stream carcass deposition on the foliar C arah&mistry of herbaceous species growing
near the stream edge, the foliage of non-fertilmrmon horsetail was collected prior to
treatment, at 30 days post treatment, and at caepgest treatment for each of the three
treatment years. This "streamside" horsetail f@iags collected from 6-8 locations along
each stream and was equally collected from the bahwater line as well as directly
adjacent to the active water line. This horsetdibfje was dried at 70 °C for 72 hours then
ground in a ball mill and combusted &N, 5'°C, %N, and %C on a Finnigan MAT Delta
plus Isotope Ratio Mass Spectrometer (Finnigan M&iibh, Germany) in the Idaho Stable
Isotopes Laboratory, Moscow, Idaho, USA. The iseteglues are reported versus the
standards of atmospheric air and Vienna PeeDeennéi® (VPDB). The precision of the

measurements was + 0.2%o fPN and + 0.15%. fob*°C.
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At the same time as the stream treatments, anadi®fish carcasses were also added
to 1 nf plots within the riparian forests. These plotsevecated a mean distance of 15 m
(range 2 — 30 m) from the stream edge. These piots comprised of four randomly
assigned treatment and four control plots. Foutrobplots were also placed along the
reference streams as a validation of control @tiag treatment streams. In 2008 and 2009,
the riparian forest plots were equally associatgd eommon horsetail and conifer seedlings
(Pseudotsuga menziesii andPinus contorta). In 2010, the treated and control plots were only
associated with conifer seedlings and no "forestsétail plots were established. This change
was based on a need to devote resources to ceaddlings due to mortality and grazing of
the conifer seedlings reducing sample size initsetivo years of the experiment. One pair of
control and treatment streams was excluded froaridp vegetation plot sampling due to the
dominance of dense willow and thus a total lactaojet species. Plots were treated with
salmon carcasses in 2008 at a rate of 75 g N whel@009 and 2010 plots were treated at a
rate of 249 g N (~5 kg of carcasses) and 328 g Nt(k@ of carcasses), respectively.
Deionized water (DI) equivalent to the moistureteom of the carcass amendments was
added to the control plots to compensate for angdmchemical responses of the moisture in
the carcasses. New plots were established fortezsatment year. The 2008 treatment rate
was substantially lower than subsequent treatnimritthe observed increase and timing of
soil inorganic N was similar to responses obsedwthg subsequent treatment years
(Wheeler and Kavanagh in review). This similarigtween the 2008 soil N responses and the
responses in subsequent treatment years was theelgsult of our manipulation of the
carcass tissue. In 2008 we pureed the carcaspesvent scavengers from removing them
from the plots. It is believed that the destructidnissue integrity resulted in faster nutrient
release from the carcasses to the soil (Drake 208b, Miccozi 1986). A faster rate of
nutrient release to the soil could result in lesgiant removal from the plot by insects and
other scavengers (Collins and Baxter in press, Hgcknd Reimchen 2006, Meehan et al.
2005) and thus the similarity of the 2008 soil Nhecentrations to our later treatments.
Subsequent treatment years utilized whole carcdmddsn place with wooden stakes. Only
one carcass was removed over these two years.

Within the riparian forest plots, horsetail foliaged current year conifer seedling

foliage were collected prior to treatment and agdione year post treatment. Riparian forest
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horsetail was not collected in the weeks followihg treatments as the application of DI
water to the control plots resulted in the horéétaining white and senescing for the year.
The horsetail appeared to grow back normally thievieng year. The carcass treated plots
did not senesce early. In addition to the pre amay®ar post treatment foliage collection
following the 2008, 2009, and 2010 treatments, dditeonal collection of riparian forest
horsetail and conifer needles for all 2008 and 26108 was conducted in 2011. The conifer
needle collection from the 2008 and 2009 treesugedl a sampling of each needle age class
from one year post treatment to the current 20Elckass. Soil samples were also collected
from the top 10 cm of the 2009 and 2010 ripariaiIThe methodology and results of the
2010 soils are detailed in Wheeler and Kavanaghefirew). These foliar and soil samples
were dried at 70 °C for 72 hours then ground imlarill or Wig-L-Bug amalgamator and
combusted fod™N, §*°C, %N, and %C. All isotopic analysis was conduaiada Finnigan
MAT Delta plus Isotope Ratio Mass Spectrometerrflgan MAT Gmbh, Germany) in the
Idaho Stable Isotopes Laboratory, Moscow, IdahojUhe isotope values are reported
versus the standards of atmospheric air and Vieee®ee belomnite (VPDB). The precision
of the measurements was * 0.2%0 361N and + 0.15%. fos"°C.

To determine above ground biomass of the conifedis®ys, the basal diameter of
each tree was measured prior to treatment and agaime year post treatment. Seedlings
from 2008 and 2009 were also measured in subsegaard. It was desirable to preserve our
trees for possible future observation so allome#iationships of above and below ground
biomass based on basal area were determined fdestruction of non-target seedlings
from throughout the watershed. The basal diamédttrese trees were measured and the
above biomass relationships determined by dryiegs#edling components at 70° C for 72
hours. Additionally, conifer seedling foliage waslected from the 2010 treatment and
control seedlings in August of 2011 to test fofatiénces in specific leaf area (SLA), the
projected area of leaf per unit mass. Needle sawpbee typically between 15-45 needles but
ranged from 5-60 needles depending on seedlingasideneedle availability. The needles
were weighed within one week of collection andphgjected leaf area determined using
ImageJ software version 1.47 (National Institutélealth, USA).
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Climate data

Regional precipitation and temperature data waeweld from Natural Resource
Conservation Service (NRCS) SNOTEL climate stat@nGraham Guard Station to the
north of our sites and Mores Creek summit to thetwall study areas were within 25 km of
both climate stations. Additionally, each streamctewas instrumented with air temperature
sensors (HOBO Pro, Onset Computer Corporation, UBgse sensors were placed inside
vented PVC shelters to protect them from direcais@ddiation and suspended 2.5 meters
above the soil surface in an open area 5-10 mitmrsthe stream edge. Soil moisture data
was collected at depths of 1, 3, 8, and 10-30 dngu3ecagon Em5b data loggers with EC10
and EC20 probes (Decagon Devices, Pullman, WasimngitSA).

Satistics and foliar nitrogen calculations

Where the responses of riparian vegetation wersistamt in timing and amplitude between
years and following statistical verification of ddference P>0.05) between years the results
were pooled for inferential strength and simplicity avoid inflating the risk of type 1 errors,
treatment effects were assessed within years farisummarizing across years. This was
applicable to all data except the streamside haitsetd soils*°N. A mixed effects repeated
measures analysis of variance (ANOVA) was utiliretest for an overall effect of salmon
carcass nutrients on streamside horsetail andaipafot soils. The fixed variables were
treatment and time while the random variable wasgrHdividual plots through time. The
possibility of a time x treatment interaction wésoaassessed. All remaining comparisons
between treatments and controls as well as testiifferences between years and between
pre and post treatment were conducted using twoANGVA's. All statistical conclusions
were based on an a prior= 0.05 significance level. The data were assegeabsumptions
of normality and homogeneity of variance usingdeal plots and Box-Cox transformed as
necessary prior to analysis. Analysis was condugséay R version 2.10.0 (R Foundation for
Statistical Computing, Austria). The inferenceswst from these analyses are assumed to be
representative of community level responses antharefore reported as means and standard
errors of the mean (SE) unless otherwise noted.

We also estimated the marine derived N contenboifer seedling foliage using an

isotopic mixing model and the allometric relatioipshbetween basal area and current year
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foliage biomass. The isotopic mixing model was useelstimate the proportion of foliar N
comprised of marine derived N (MDN) where: % MDN&*N treatment foliage 8N

control foliage) + §*°N carcass fluids 8'°N control foliage) x 100. The treatment and control
foliage 5*°N derive from the mean of the target year foliagenf the treated and control
seedlings and the carcass flaidN is the mea'®N value of the carcass fluids observed
exiting the carcasses to the soil in 2010 (KavaraghWheeler in review). This value was
then multiplied with the foliar %N and again withetestimated foliar biomass to determine
approximate MDN content. For simplicity all estimatwere conducted using mean values.
This estimate was made for the one year post texdtfoliage of the 2010 treatment

seedlings as well as for each of the post treatmgaiclasses of the 2008 and 2009 seedlings.
The sample size of the 2008 and 2009 conifer segsihad decreased (n=2-3) by 2011 due to
herbivory and mortality so the foliar data fromgbe/ears were pooled by years since
treatment. We also included three seedlings treaitwhole carcasses in 2008. These are
not included elsewhere as their treatment ratehigiser than the other 2008 treatment plots.
However, the foliar N and growth responses of tleesallings were not different from the
other seedlings.

Results

The climate over the three year duration of thegtigation was comparable to the long term
climate average. The average precipitation ovethtee treatment years (August 2008-
August 2011) was 84 cm (79-94 cm) at Graham Gutatio® and 123 cm (110-146 cm) at
Mores Creek Summit (NRCS 2012). The majority o$ thwiecipitation fell during the cold
winter months of November through April with only-B cm of precipitation on average
received per month from July through Septembernuféid). The availability of soil moisture
within the riparian study areas closely trackeccjméation (Figure 1). The soil water content
(SWC) of the soils 1-30 cm deep declined rapidlganly June of each year and remained low
until early October. The reported SWC at Beavee&i&igure 1) is indicative of the
seasonal SWC trends expected in this study regio&Banner Creek SWC (Figure 1) was
influenced by the progressive construction of beaaens over the duration of the
investigation. The SWC of the riparian soils asated with the treatment streams are not
reported as the accuracy of the soil moisture sensgas altered by the placement of salmon

carcasses in close proximity. Salmon carcassespla&ced over the soil moisture sensors to
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measure the influence of the carcass fluids onnsoisture. However, following the
deposition of the carcasses the sensors reportel &Mes that exceeded maximum SWC
by three fold. The soil moisture sensors continweiport these values for up to nine months
following the treatment irrespective of seasonalides in soil moisture content. It is
suspected that the functionality of the soil maistsensors was influenced by potential
alterations to the electrical conductivity of tlals by the carcass fluids (Decagon Devices
Inc, personal communication, April 25, 2014). Therage annual air temperature within the
riparian areas was a 2.1 — 4.5° C with an averaghly temperature for January of -5.0° C
and for July of 14.1 — 15.9° C. Though this aver@geperature of July appears rather mild,
the diurnal temperatures in these sites regulgmy@ached 39° C during the day then
decreased to near 0° C at night (Figure 2).

The placement of fish carcasses within the stregioised a rapid (30 days) and
sustained response in streamside horsetail isactmp@osition indicating a terrestrial transfer
and rapid utilization of N from the salmon carcasgkaced in the stream (Figure 3). There
was a significant overall influence of treatmentstreamside horsetail fol&t°N (DF=24,
T=-2.80,P=0.01) using the repeated measures analysis. Tdggivien by an increase in
foliar 5'°N of roughly 2.5 %o within 30 days of the 2008 casaddition with streamside
horsetail foliars*>N remaining elevated {Fo.3> 7.97 ,P<0.01) at each sampling interval for
the duration of the three year investigation (Fe&g8). There were no control stream samples
collected 30 days after the 2008 carcass addifibarefore, the 2008 post treatment values at
30 days were tested against the pretreatment valhesoverall trend in foliag**N, with the
exception of streamside horsetail observationsugust 2011, revealed a slight decline in
8'°N at one year post treatment but the addition eflammous fish carcasses to these streams
in August of 2009 and 2010 maintained an overaWated level of folias™N in the
streamside horsetail. There were no differencésliar %N, 5'°C, or %C observed between
the control and treatment streamside horsetail aitaverage %N of 2.1 (0.1 SE}'aC of -
29.2 (0.2 SE), a %C of 35.6 (0.3 SE), and a C:W76 (0.6 SE).

Changing focus now from the horsetail growing altmgstream edge to the horsetail
within the riparian forest, the deposition of armdous fish carcasses in the riparian forest
plots resulted in a 4.6%. (1 SE) increase in fa3iaN of riparian forest horsetail to 9.0 %o

(0.9SE) at one year post treatment (Figure 4A)p&gingly, this significant (F15=31.04,
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P<0.001) increase it'°N was not associated with an increase in ®RG, or %C with an
average %N of 1.8 (0.1 SE)pEC of -28.5 (0.4 SE), a %C of 36.3 (0.5 SE), andM &f
22.0 (1.3 SE) in the treated and control foliar gs. The August 2011 collection of riparian
forest horsetail from the 2008 and 2009 plots sstggat very little of the enriched N
remained in the plots at two years post treatmedtthat none was available by three years
post treatment (Figure 4B). The two year data veasveld from 2009 plots and the three year
from 2008 plots. A significant differences betwerrated and control riparian horsetdiN
was not observed for the two and three year peatrirent foliage. However, the samples size
for the two year post treatment was considerablgilem(n=2 for treatments, n=4 for
controls), adding uncertainty to this conclusion.

The conifer seedlings rapidly assimilated the aeéd from the carcasses as is
evident by an increase in both folEPN (Fy 2545.2P<0.001) and %N (F»s=10.0P<0.01)
at one year post treatment with increases of 4.8% $E) and 0.6% (0.2 SE), respectively
(Figure 5A). The two and three years of post-treatifioliar age classes collected from the
2008 and 2009 treatment seedlings found that ol remained elevated {F.1>13.1,
P<0.01) for several years but that foliar %N did remhain elevated (Figure 5B). TREC
and %C of the foliage at one year post treatmenaineed unchanged at -28.1%. (0.2SE) and
50.3% (0.4SE), respectively but the C:N had sigaiiitly decreased {s=19.2P<0.001)
from 35.3 (1 SE) to 26.2 (1.8SE) at one year pesttinent (Figure 6). There was a significant
decline (i, 2=5.3P=0.03) in the C:N of the control plots as well bu¢ amplitude of
decrease in the treated conifers was twofold.

There was an overall influence of the salmon caessen the sod™°N (DF=23, T=-
8.6,P<0.01). Thes™N of the 2009 plot soils increased significantly ¢£39.6,P<0.01)
within 14 days of the carcass treatment from 3.@&E) pre-treatment to 6.1%o (0.8SE)
and continued to increase to a maximum of 13.7%SB8) at 97 days post treatment (Figure
7). Treatment soib15N remained significantly elevated; 22.2,P<0.01) relative to control
soils through one year post treatment. No diffeesrin soils*°N were found between the
horsetail plot and conifer seedling plot soils. Boé 5'°N responses to the 2009 carcasses
treatments were also similar to the responseseo2@10 soib™°N reported in Wheeler and

Kavanagh (in review).
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The application of allometric equations for aboveund biomass of Douglas-fir and
lodgepole pine seedlings based on basal area esvpaldifferences in relative above ground
biomass production at one year post treatmentrdlaéve growth rate ranged from 0 — 80 g
of above ground biomass per Tof basal area growth independent of treatment.S&neple
size in 2008 and 2009 were relatively small andtoeetment seedling was lost to grazing but
monitoring of these seedlings during subsequenwigigpseasons did not reveal any
difference in relative above ground biomass pradadbetween the treated and control
seedlings. The comparison of specific leaf areaA(Sif 2011 conifer needles at one year
post treatment also did not reveal any differers®/een treated and control seedlings. The
average SLA was 69.2 (4.9 SE)Tgt. The development of allometric relationships frdin
lodgepole pine seedlings ranging in basal dianwt@r2-26 mm and Douglas-fir seedlings
ranging in basal diameter from 3.7-25.1 mm werédlyigorrelative (R > 0.92) when both
variables were natural log transformed. Reporth@s$e relationships in natural ecosystems
are largely lacking for this size range, particiyldor a semi-arid N limited ecosystem, and
thus are reported here (Table 2). The estimatésliaf marine derived N content in conifer
seedlings revealed an estimated foliar MDN contédic.4 mg N per seedling in the current
year foliage (2011 foliage) one year following 210 fish carcass amendments (Table 3).
The estimates across the post treatment age claistes2008 and 2009 seedlings suggest an
MDN content of 35.5 mg, 49.5 mg, and 60.9 mg Ngs=dling for the 1, 2, and 3 year post
treatment age classes, respectively (Table 3).vbidd yield an approximate foliar
accumulation of 145.9 mg N per seedling in thedhyears following a carcass deposition

event.

Discussion

The dramatic responses of foliar N to the depasitibanadromous fish carcasses
demonstrate the potential influence of marine aetirutrient contributions in oligotrophic
inland ecosystems. The response of vegetatioretdeposition of carcasses further suggests
that there are both transient and cumulative resgmto this nutrient subsidy. The decline in
foliar 5*°N of the riparian forest horsetail within two yeafsreatment further emphasized
that herbaceous species are more reliant on switidver for maintaining productivity than
are conifer species with nutrient storage and matierecycling strategies (Aerts 1996,
Edmonds et al. 1989, Millard and Grelet 2010, 8aifid Timmer 2001, Tully et al. 2013).



97

This is consistent with the annual deposition a€aas nutrients being of high importance for
maintaining understory productivity. We did not qtigy changes in horsetail biomass but the
lack of observed increase in %N in conjunction vifita increase if*°N would indicate a
potential increase in biomass production that dduthe assimilated N (Gough et al. 2004).
We did not observe changes in leaf level photosgithor above ground biomass in conifer
seedlings despite increases in foliar N concewinatbut this may be due to other physiologic
limitations such as soil moisture and light in teéni-arid shaded understory environment
(Coomes and Grubb 2000).

The amplitude of folia6™*N response in the streamside horsetail, which cedgived
N from the carcasses deposited in the stream, deinades the ability of vegetation within the
stream margins to capitalize on the nutrients fesradromous fish carcasses. This response
was particularly impressive given that roughly hadlthe horsetail was collected from the
upper edges of the active stream channel (~0.3-GBawe stream level) and up to one meter
horizontally from the water's edge. Horsetail ikm for its extensive root system and its
ability to bioaccumulate nutrients in above grolnaimass (Marsh et al. 2000) but the
amplitude of this response could also suggest staatial hyporheic transfer of nutrients into
the adjacent riparian forest (O'Keefe and Edwafif}32 The movement of some carcasses
from the stream to the stream margin by wildlifesvadserved (Collins and Baxter in press).
However, there were no visible indications of scee¥ carcass deposition near the
streamside horsetail collection sites.

The elevated foliad*°N of the streamside horsetail at one year postriresat also
demonstrates that reservoirs of streamside magreeadl N can persist into the following
growing season. This enrichment may derive fronessh\pathways. Senescent horsetail
tissue decomposes rapidly (Marsh et al. 2000) ietyIresults in some recycling of marine
derived N but the extent of folia*°N in the following year's biomass would also sugges
much larger reservoir of N was accessed. The rniadyIsource would be the accumulation
of marine derived N in the extensive root systerthefhorsetail during the previous year
(Bastiene et al. 2006). Despite this reservoir afine derived N, it is apparent from the
declining trend in folia™N of the streamside horsetail at one year postrivest that this
resource is finite within the herbaceous commurtitgrtbaceous species are major nutrient

contributors to the forest litter pool with bioaceulating species like horsetail contributing
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nutrients at higher rates than other species (Metrsth 2000). The decomposition of
senescent herbaceous tissue and the subsequerdtitmmgor recycled nutrients between
soil microbes and dominant forest vegetation caokiyudeplete soil nutrient availability
(Hodge et al. 2000, Kaye and Hart 1997). This waonéke the annual influx of anadromous
fish important for maintaining the established prctivity of herbaceous species.

The increases in folia*N of the streamside horsetail following the 2008l 2010
carcass deposition events were much smaller tlearesiponse in 2008 (Figure 3). This would
suggest that while N remained a limiting resourcthe growing season following carcass
deposition that either a secondary resource betaritmg (Anderson and Lundergardh
1999) or that the folia3'°N of the streamside horsetail had reached iso®gidibrium with
the marine derived nutrient pulse. Though the pagsgiof co-limiting resources cannot be
ruled out, the nutrient bioaccumulating charactersf horsetail make it unlikely (Marsh et
al. 2000). Rather, there is evidence for the lpgassibility of isotopic equilibrium. Th&™N
of the anadromous carcasses placed in the streameeported by Marcarelli et al. (2014) as
12.0 %o (0.2SE). However, the mobility and mixingtles carcass N with native N within the
stream and streambed would be expected to dilet®'tN of this resource pulse. This is
supported by th&"N of stream biofilm which only increased from 3a3ttetween 6.0 and 7.9
%o at one month post treatment despite a nearlydBifigrease in biofilm standing crop
(Marcarelli et al. 2014). Additionally, at least%%f the daily dissolved N within the streams
during this time could be attributed to local aegd enriched N sources (Marcarelli et al.
2014).

The dramatic responses of riparian "forest" horsttahe direct deposition of
anadromous fish carcasses on the forest soil fustingoorts the assertion of isotopic
equilibrium between the horsetail and the exchaplgdd pool. The deposition of
anadromous fish carcasses within the riparian fqess resulted in an increase in the foliar
8N of the riparian forest horsetail to 9.0 %o (0.98Epne year post treatment. This foliar
isotopic enrichment was reflective of s®iPN within the riparian forest plots that averaged
9.2 %o (0.9SE) across the 2009 post treatment oasens (Figure 5). Though the saifN
following the 2009 treatment reached as high ag %3(3.2SE) the average of post treatment
observations may be more representative of the latiwel utilization of this resource by the

riparian forest horsetail. This similarity betwettie foliars*N of the riparian horsetail and
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the mean soib*°N supports the assertion of isotopic equilibriurhazen the horsetail and the
resource. The subsequent decline of fdlfaN within the riparian forest horsetail to near
reference values by two years' post treatmentslpports the previous assertion that the
herbaceous community in these forests is a shont kDN reservoir. However, this also
raises the question of how much MDN is annuallyusstered by riparian vegetation and later
recycled through detrital pools. This sequesteohly by vegetation will be explored a bit
further using the conifer seedlings.

Conifer productivity in the Pacific Northwest isgef N limited (Chapin et al. 1986,
Henderson et al. 1978, Moore and Mika 1991) yepitie$arge increases in foliat°>N and an
increase in total foliar N of the conifer seedlirgone year post treatment, an increase in
productivity was not observed. This lack of resmoimsconifer productivity is most likely due
to the harsh environmental constraints of soil muoésand light availability (Balster and
Marshall 2000) in this semi-arid understory enviremt. There can be other biogeochemical
inhibiters of increased productivity in fertilizednifer seedlings such as: high substrate
ammonium: nitrate concentrations (Bown et al. 2E\&rett et al. 2010) and a lack of N
conversion into the enzyme Rubisco used in photbsgns (Bown et al. 2010, Manter et al.
2005). However, the high expected rates of forgsite consumption in the Pacific
Northwest (Stark and Hart 1997, Perakis and SinkR6r.1) in conjunction with the
observed increase in foliar N at one year postrireat followed by the high foliar content of
MDN in subsequent foliar years (Table 3) suggdssthe environmental constraints were
the limiting influence on quantifiable productivitycreases in these conifer seedlings.

The granitic soils of these forests (Table 1) tehiedry down quickly following
snow melt and with smaller less frequent precitaevents during the months of June
through September plant available water likely beeguite limiting for these shallow rooted
conifer seedlings (Figure 1). The conifer seedliogjtected for the development of allometric
relationships were generally rooted at less thaarB@eep (data not shown). The other
possible environmental influence on productivitysvilae availability of direct solar radiation
within the understory (Balster and Marshall 2000)e natural distribution of conifer
seedlings in these riparian forests resulted irudeeof seedlings across a wide range of light
environments. The understory light levels weredidctly quantified but the overstory leaf

area index (LAI) of these forests ranged within aetiveen the riparian study areas from near
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zero to 4 rhof leaf area per frof ground area (A Noble-Stuen unpublished datarwhias
been shown to influence light penetration withinl #mrough the forest canopy (Balster and
Marshall 2000). Within the heterogeneity of thighli environment, several of the
observationally more heavily shaded carcass tra#tssedlings exhibited very low foliar
8N responses (<1%o) and relative growth rates of mesy, while some untreated control
seedlings growing in relatively open canopy gapgzessed growth rates as high as 80 g
biomass crif of basal area growth. It is quite possible thit bieterogeneity in understory
light conditions as well as the seasonal soil niogstimitations in this region prevented the
detection of treatment effects on conifer seedtirgpuctivity. However, it is important to
recognize that these limitations on productivitg aot uncommon in understory conifer
seedlings (Palik et al. 2003) and may not be refleof overstory tree productivity potential
from annual applications of MDN. For example, tverstory conifer trees within the riparian
study area did not exhibit reductions in pre-davater potentials until the last few weeks of
September (A Noble-Stuen unpublished data). Suiggettat these trees were accessing
deeper water resources and thus would have higbdugtivity potentials.

Despite our inability to detect changes in vegegapiroductivity, it is judicious to
explore further the time scale and potential amofiN sequestered within riparian
vegetation following the deposition of anadromashk tarcasses. Using the linear mixing
model and the allometric relationship for curreeayfoliage, we estimated the amount of
marine derived N sequestered in the 2011 needldgsed010 treatment seedlings to be
roughly 40.2 mg MDN per seedling or 33% of foliafNable 3). Since it was desirable to
preserve the treated seedlings for potential fudtaservations, we did not measure &
of roots or stems and are thus unable to directhntjfy the MDN in these structures.
However, we can make some estimates based on ¢batlnt relationships between roots,
stem, and foliage reported by Everett et al. (20T8j}s investigation of hydroponically
grown Douglas-fir seedlings reported root and skenontents that were roughly 80% and
20% of total foliar N content, respectively. Applgian average post treatment basal area of
91.1 mnf to the allometric relationship for total foliagedaassuming that the foliar N content
of the foliage is 2%, yields a total foliar N cont®f 302 mg N. Further, assuming that the
MDN content of the root and stem is 33% of the Mlgmased on the mixing model estimate

and applying the respective 80% and 20% relatiqssyields an approximate root and stem
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MDN content of 79.7 and 12.0 mg, respectively. Mamild suggest a total MDN uptake of
approximately 131.9 mg MDN per average seedling.

There is further evidence that MDN sequestratiorcdnyifer seedlings was even
higher. The 2011 analysis of the needles from twe, and three year post treatment age
classes of the 2008 and 2009 conifers seedlingsled all of these foliage age classes to be
enriched in5'°N by 5-6 %o on average, relative to control seediinpplying the basal area
measured in each of these years to the allometationship for current year foliage suggests
that the one, two, and three year post treatmdiagi contained a respective 30.2, 43.4, and
54.4 mg MDN per seedling. This puts the average Mighuestered in foliar biomass at
128.0 mg MDN per seedling. The level of fol&PN enrichment in the third year foliage
would further suggest that additional MDN resemeagnained in the conifer roots. Given the
amount of time (2-3 years) since the depositiofishf carcasses near these conifer seedlings,
the uncertainty of rodt*°N and N content prevents an estimate of root MDAteut using
the previous root N to foliar N relationships ofefstt et al. (2010). However, it is evident
from these observations that conifers are capdldequiring and storing large quantities of
MDN for later utilization.

Implications

The dramatic foliar N responses of riparian vegetatio the deposition of anadromous fish
carcasses demonstrate the potential influenceiofeébource subsidy on the immediate and
sustained vegetative N chemistry of these N limitéaihd ecosystems. These responses
further suggest that conifer forests of this regiway be substantial short and long term N
sinks. The soil nutrient hotspots associated wighdeposition of anadromous fish carcasses
appear to dissipate within a few months (Drakd.e2@05, Gende et al. 2007, Holtgrieve et
al. 2009) to over a year (Wheeler and Kavanagk\rew). However, reservoirs of MDN
remain within the riparian vegetation. Conifers aearly adept at sequestering N and there is
evidence from conifers within this region that tloay retain this N for decades (Koyama et
al. 2005). This preponderance to store and intgrnatycle N (Aerts 1996, Edmonds et al.
1989, Millard and Grelet 2010, Koyama et al. 2088lifu and Timmer 2001, Tully et al.
2013) may play a major role in the sustained comifeductivity of these N limited forests.
However, this N retentiveness also lends to negdéedbacks on soil litter quality and soil
microbial productivity (Heath et al. 1988, Johnd®92, Valachovic et al. 2004).
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By contrast, the herbaceous community may senees®rt term MDN reservoir in
these forests. The accumulation of MDN in herbasdmamass and the subsequent
contribution of this biomass to the soll litter poould stimulate microbial productivity and
increase soil nutrient availability, thus possibktending the influence of MDN on the
productivity of these forests beyond the residenétof the carcass nutrient hotspots.
However, this potential resource reservoir remaimsjuantified. The utility of stable isotopes
and isotopic mixing models to confirm the preseoicearine derived N by riparian
vegetation has advanced the understanding of salmflaence on riparian forests (Bilby et
al. 2003, Hilderbrand et al. 1999, Hocking and Regs 2011, Koyama et al. 2005) but the
potential for advancing this knowledge by applyihig isotopic mixing model to vegetative
biomass estimates is apparent. Understanding mpgot@l and spatial dynamics of these
MDN reservoirs could advance the ability to apprajgly manage these anadromous fish

driven ecosystems.

Conclusion

The renewed deposition of anadromous fish carcagitieis streams and riparian forests of
the inland Pacific Northwest revealed the potemtiagnitude of influence this nutrient
subsidy has on vegetation of this oligotrophic sand region. Common horsetail growing
near the stream edge readily assimilated carcdagemis from stream water as was evidenced
by increased foliad™N but annual carcass deposition events were regjirirerder to

maintain this foliar N enrichment. In the absentseubsequent carcass deposition events,
horsetail growing within the riparian forest indied that MDN contributions become
exhausted within two to three years. Conifer segdlidemonstrated the advantage of nutrient
uptake and storage capacity with dramatic incremstssiar 3*°N that continued beyond the
depletion of soil MDN. The use of an isotopic migimodel in conjunction with allometric
relationships for conifer seedling biomass reve#had a considerable amount of MDN can

be sequestered within riparian vegetation. Theeguent flow of these nutrients through the
understory producer and consumer community asasethe complex interactions within this
community may play a major role in the productiatyd diversity of these ecosystems.
However, it is evident from this investigation tlaalditional consideration and exploration of
these potential underlying drivers of ecosystendpetivity are needed in order to

appropriately mitigate for the decline of salmonids
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Table 1. Description of study sites within the Ndfork Boise River watershed.

Stream Latitude (N)  Longitude (W) Elevation Sand/Silt/Clay
(m) (%)
Banner Creek 43°59'14" 115°32'46" 1625 73/6/21
Beaver Creek 43°49'30" 115°31'08" 1311 94/4/2
Big Owl Creek 43°53'25" 115°30'33" 1417 NA
Little Beaver Cr. 43°58'07" 115°35'48" 1572 75/25/1
Hungarian Cr. 43°49'04" 115°32'20" 1307 NA
Trail Creek 43°54'00" 115°23'12" 1571 68/28/5

Note: NA indicates that sand/silt/clay contentla#ge soils was not quantified.
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Table 2. The allometric relationships between sbesel area (mfijrand biomass of Douglas-

fir (DF) and lodgepole pine (LPP) seedlings.

Biomass ~ Basal area (mf) Equation R°  Correction
Current year branch (g) (DF)InY =InBAXx1.12-5.02 0.92 1.06
(LPP)InY =InBAXx 1.26 —-5.80 0.94 1.11
Total branch (g) (DF)InY =InBAXx1.34-4.00 0.94 1.06
(LPP)InY =In BA X 1.56 - 5.74 0.92 1.21
Current year foliage (g) (DF)InY =InBAXx 1.04-3.03 0.92 1.05
(LPP)InY =InBAXx 1.14-3.60 0.92 1.15
Total foliage (9) (DF)InY =InBAXx1.22-279 0.96 1.04
(LPP)InY =InBA X 1.24-2.94 0.98 1.03
Stem (g) (DF)InY=InBAXx1.35-3.55 0.99 1.01
(LPP)InY =In BAXx 1.37 -3.77 0.99 1.02
Total Above ground (g) (DF)InY =InBAXx1.28-1.95 0.99 1.01

(LPP)InY =InBAXx 1.33-2.63 0.99 1.02
Below ground — course root (g) (DF)InY =InBAx1.22-3.19 0.97 1.03
(LPP)InY =In BAXx 1.22 -3.48 0.99 1.01

Notes: BA is the basal area in mof the conifer seedlings at one inch above thé coliar.
Conversion of the y-variable into allometric biomasquires multiplying the untransformed

Y parameter with the correction factor.
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Table 3. Isotopic mixing model estimates of fohaarine derived nitrogen (MDN) content
(%) and total MDN content (grams) for allometrigadlerived foliar biomass of conifer
seedlings at one year following anadromous fisbasses deposition and across a foliar age
sequence of seedlings treated in previous years.

Treatment  Foliar Foliar6™N % foliar N Foliar N Foliar ~ Total MDN in
year years since (%0) from (%) biomass foliar biomass
treatment MDN (9) (mQ)

2010 1 year (T)y3.8(2.3) 33.0 2.1(0.1) 5.8(5.5) 40.2
(C)-0.2 (0.8)

2009 1 year (T)5.1(2.3) 46.9 1.4 (0.2) 4.6 30.2

2008 (C)-0.9 (0.9)

2009 2 years (T)5.4(3.1) 484 1.4 (0.1) 6.4 43.4

2008 (C)-0.7 (1.2)

2008 3 years (T)Y5.2(2.3) 43.2 1.5(0.1) 8.4 54.4
(C)0.1(1.0)

Notes: (T) and (C) represent foliage from treated eontrol trees, respectively. Values in
parentheses are standard deviations of the mearfolioliar MDN and total foliar MDN
were calculated using mean values only. The vdlresne and two year foliage from the
2008 and 2009 trees were pooled to add inferesitigblicity.
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Figure 1. The daily soil water content (SWC) anchthty precipitation within the study
region as a function of year day over the 2008 H12§udy period. The Beaver Creek SWC
represents the typical SWC trends expected withgwatershed whereas the Banner Creek
SWC was progressively influenced by beaver dams.Nditural Resource Conservation
Service (NRCS) weather station precipitation regmfor Mores Creek Summit and Graham
Guard Station represent expected precipitatiors ratéhe Little Beaver Creek/Banner Creek
and Trail/Beaver Creek sites, respectively.

Figure 2. The mean daily high and low atmosphemepteratures, as a function of year day,
collected within the carcass treated riparian acéasttle Beaver Creek and Trail Creek over
the study period of 2008 — 2011.

Figure 3. The mead°N of common horsetaiEguisetum arvense) growing near the stream
edge, as a function of year day over three years fkugust 2008 to August 2011.
Anadromous fish carcasses were added to the traastreams the first week of August in
2008, 2009, and 2010. These fish carcass addiiendenoted by the vertical arrows. Error
bars are standard error. The * indicates a sigmifidlifference at=0.05 in5*°N between the
treated and control horsetail within sampling iméés. The black dot represents a significant
difference at=0.05 in5'°N between the pretreatment and post treatment @L2008.

Figure 4. A) The pooled mean foli&N of common horsetaiEguisetum arvense) in

riparian plots treated in 2008 and 2009 as a fonadf mean foliar %N and B) The pooled
mean foliars*>N of horsetail from the 2008 and 2009 plots pretreatment and one year
post treatment in relation to horsetail foliagdexted from these plots in 2011. The two year
post treatment values derive from the 2009 treatmlets whereas the three year post
treatment derives from the 2008 treatment plotsorHyars are standard error of the mean.
The * indicates a significant differencecst0.05 ind'°N between the treated and control
horsetail.

Figure 5. A) The pooled mean foli&N of conifer seedlings as a function of mean foliar
%N in association with the deposition of anadromitals carcasses within riparian forests in
2008, 2009, and 2010. B) The mean foliaN of the one, two, and three year post treatment
foliage from the seedlings treated in 2008 and 200@ one and two year values are pooled

values from 2008 and 2009 whereas the three ygagéoonly derives from the 2008
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treatment seedlings. Error bars are standard eftthe mean. The * indicates a significant
difference atr=0.05 between the treated and control seedlings.

Figure 6. The mean foliar C:N ratios of control drehted conifer seedlings prior to the
addition of anadromous fish carcasses and onefgdawving the amendment Error bars are
standard error of the mean. The letters a, b, andicate significant differences between
similarly labeled observations @t0.05.

Figure 7. The soi$*N of the 2009 riparian plot soils as a functioryeér day. Error bars are
standard error of the mean. The initial valuestlagepretreatment values. The * indicates a
significant difference at=0.05 in3*°N between the soils of the treated and controkpihe
dashed trend lines visually connect the data tréntiare not empirical due to an inability to

guantify soils during the snow covered winter manth



Soil water content (m? m-3)

114

0.40 | s Graham Gaurd - 80
0.35 - mmMores Summit - 70 =
030 7 __peavercr. 60 =
025 | __o ; S
—Banner Cr. =
0.20 - " 0s
0.15 - 40 2
&
0.10 - L 30 D:;
0.05 - =
- 20 8
0.00 - =)
| l - 102
= 5 0
=t =t =t o0 co [vs] oo o0 o0 m oM o m o om o0 oo [ve] o0
~ [ee] = o {a)] LN i M~ m o ()] L i ™ (ag] o~ oo =T o
~ ~ les] ~—~ ™~ ~ [35] i ~ ~ o —~ ~

Year Day



115

—Maximum Daily Temperature
——Minimum Daily Temperature

==
—=
B =

- rE
- 8¢

vee

) T T T T T T T
] o o o o (] o
=t o ~ — J J_

(2.) @amesadwal

o
o

Year Day



116

=
m - M . - Gl¢
m m __. u_ - 921
_V ﬂ ___ __, L. L0E
* *TJF_ TT._‘LL < - Gl¢ -
I “ L 9¢l ©
f n r
\ : - vE m
I , )
! _ - L0E >
e e fa
.\ ; i @NF
\\\ \_ i vm
- L0€
® _IVA_/‘_! <+ - GLZ
I T T Y J ' _ . !
= 0 © ~ = <

(%% ) Ny, ¢ Jellod



Foliar 5"°N (%o)

104

4 < C e

*

PreTreatControl (
PostTreatControl
PreTreatment .
PostTreatment

10 +

2

117

[ v Treatment

T o  Control

q

Foliar %N

T T T
Pretreatment 1 yrpost 2 yrpost 3 yrpost



Foliar §15N (%o)

8+
® PreTreatControl
o PostTreatControl
v PreTreatment
64 w PostTreatment
*
44 I
+—T—< *
2 4
07 2
'2 T v T
1.0 1.5 2.0
Foliar %N

118

v Treatment
o Control

I

1 2 3
Post Treatment Age (Years)



Foliar C:N

40 -

PreControl

PreTreatment

PostControl PostTreatment

119



120

—w— Treatment
—o— Control

! ! | 1 I t I v I ¥ I 1 I

215 265 315 365 50 100 150 20
Year Day



