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ABSTRACT

The dominant competitive abilities of many invasspecies are frequently
assumed to preclude biologically similar nativecsg® over time, but there has been little
research exploring how interactions between inwaawd native species may change
with changes in biotic and abiotic conditions.rdaluction of the invasive New Zealand
mud snailPotamopyrgus antipodarum in the Snake River in the late 1980’s raised many
concerns for the native gastropods of this regnawever, the native gastropbdlvata
humeralis has maintained large populations and continuemdéxist withP.
antipodarum. | investigated the coexistenceRfantipodarum andV. humeralisin the
Vista reach of the Middle Snake River. Diet, splatind temporal partitioning of
humeralis were explored in populations that were invadedbgntipodarum and
uninvaded. A field growth experiment was used &asure the net intra- and
interspecific effects o¥. humeralis andP. antipodarum at varying densities and species
proportions. Results of the field growth experitrre compared with field survey
data. A laboratory growth experiment and a stoict@tric experiment were used to
identify the interaction mechanisms between spediabrata humeralis juveniles
appeared to shift diet in the preseRcantipodarum. There was evidence of spatial
partitioning fromP. antipodarum by V. humeralis at the among population scale but not
the within population or patch scales. The fieldvgth experiment indicated that
interspecific net effects ¢1. antipodarum onV. humeralis changed in direction with
increasingP. antipodarum density. Field surveys showed a similar pattérhe
laboratory growth experiment indicated that diiaterference competition was the
negative mechanism of the species interaction anfirmed field experimental results.
Stoichiometric analyses suggested thadntipodarum juveniles require more
phosphorus tha¥. humeralis juveniles, but that stoichiometric facilitation svaot likely
an interaction mechanism. Facilitated growtlYoliumeralisin the presence ¢f.
antipodarum may have been caused by increased access toridéat B. antipodarum
digestive food conditioningResults suggest that the impact of an invasiveispen the
native community may be a complex interplay betwiegader density, native species
behavior, invader nutrient use, and environmerdgatldions.



CHAPTER ONE

INTRODUCTION TO DISSERTATION

Why the ecological impacts of invasive speciesi{natives with a history of
spread and ecological or economic impact) varytsaell understood despite the
increasing prevalence of invaders (Strayer et@62. As introductions of non-
indigenous species have become increasingly con{8ala et al. 2000; Kolar and Lodge
2002; Leung et al. 2002; Marchetti et al. 2004) mresearch effort has been devoted to
understanding the factors that determine the ssaf@avasive species (Bruno et al.
2005). This research has provided valuable inftionaconcerning the mechanisms
which facilitate invasions including release fromegation (Adams et al. 2009; Romanuk
et al. 2009), generalist feeding habits (Romanu#{.2009), and competitive dominance
over similar native species (Byers 2000; Callaway Aschenhoug 2000; Bando 2006).
Yet, invasive species may not appreciably affeetrthtive community in some locations
creating low ecological impact (Williamson 1996)may only exhibit invasive behavior
in particular geographic locations (Kolar and Lo@@®1). A better understanding of
how invasive species traits and the receiving systifect impact is needed to improve
prioritization of high risk invasions (Strayer ¢t 2006; Thomsen et al. 2011).

The ecological impacts of invasive species areatiitf to quantify and forecast
(Thomsen et al. 2011). Predictive modeling attenmgive focused on identifying which
species are likely to become invasive (Kolar andden2001; Kolar and Lodge 2002;

Romanuk et al. 2009) and where their range isylikelexpand (Loo et al. 2007).
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Quantitative models that predict invader impactgehaeen developed for some high-
profile invading species; however, these modelswalconsistent and predictable
impacts of the invader among different environméRisciardi 2003), which may not be
a reasonable assumption. Predictions often relyoorelative studies that indicate
invader impacts can be positively correlated witthrabundance (Ricciardi 2003), rapid
population growth, and high propagule pressuredKahd Lodge 2001), yet the
presence of any of these indices may or may natrerexological impact. Even
invasiveness, a history of high establishment ssaed rate of spread, is not a good
indicator of the ecological impacts an invasivecspe will have in a new system
(Ricciardi and Cohen 2007).

The coexistence of native species with similar i@ species may provide
insight into mechanisms of varying invader impattative communities. Invasive
species may dominate biomass is some locationgwhather locations they may
coexist with native species at lower biomass legsdsting variation in ecological impact
(Williamson 1996; Davis 2003). The ecological irapaf an invasive species may even
vary among invasion sites with very similar natsgecies assemblages. Previous
research suggests that the context of an invasiterms of the receiving community and
the physical environment may provide key informatior understanding varying
ecological impact of invaders (Ricciardi 2003; Racdi and Atkinson 2004; Ricciardi
and Cohen 2007; Padilla 2010; Thomsen et al. 20%pgcifically, interactions of the
invader with native species of the receiving comityumay create variation in ecological

impact among invasion sites (Crooks 2002; Lockwebdl. 2009). Understanding the
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coexistence mechanisms and the direct interachietvgeen invasive species and native
species may provide valuable information about heveiving native communities can
mitigate the ecological impact of invaders.

The invasive aquatic gastropBdantipodarumis a good model organism for
investigating varying ecological impact among ingassites. Potamopyrgus
antipodarum has been a successful invader of lentic and feghwaters of Australia
(Schreiber et al. 2003), Europe (Dorgelo 1987), rmnde recently North America
(Bowler 1991; Langenstein and Bowler 1991; Bowled &rest 1992; Zaranko et al.
1997; Richards et al. 2001). A broad diet and hggical tolerance (Winterbourn
1970, Dorgelo et al. 1995; Collier and Winterbo26©0) may giveP. antipodarum a
competitive advantage in many habitats (Loo e2@D7). The ability oP. antipodarum
to reach extremely high densities suggests it wirelguently compete with native
gastropods; however, prior research has demongtmaiteed responses among
macroinvertebrates (Quinn et al. 1998; Kerans.&Q05; Schreiber et al. 2002; Brenneis
et al. 2010). For examplB, antipodarum in previously invaded habitats were found to
dominate native macroinvertebrate assemblages strélia (Quinn et al. 1998), but
whenP. antipodarum densities were manipulated over brief temporaétsoales (6 days)
in previously invaded Australian streams, highemaoter densities were positively
correlated with native macroinvertebrate diver§8ghreiber et al. 2002). Similarly,
antipodarum were found to negatively affect macroinverteb@nization rates in the

Greater Yellowstone Ecosystem (Kerans et al. 20@8)correlation analyses indicated
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that the community level impact was weak. Thesalte suggest that the interactions of
P. antipodarum with native species may change with scale, ovee tior among systems.

The net interaction betweéh antipodarum and native species could change if
the components of the species interaction chardjeidually. Species may interact in
multiple ways, some positive and some negative,dhia to create a composite net
interaction. Potamopyrgus antipodarum is frequently assumed to compete with
biologically similar species for food and habitRig¢hards 2004; Lysne and Koetsier
2008; Riley et al. 2008), but facilitative intenacts may also occur. Potential
mechanisms for facilitative effects Bf antipodarum on native species include
stoichiometric nutrient recycling (Schreiber et2002) and reproductive facilitation
(Cope and Winterbourn 2004). Schreiber and collea@2002) hypothesized that
nutrients excreted bly. antipodarum provided food for other macroinvertebrates thereby
increasing habitat suitability. Cope and Wintenmo{2004) found that the presencdof
antipodarum increased the fecundity of the invading sridlilysella acuta, indicating a
facilitative effect ofP. antipodarum on P. acuta reproduction. The potential facilitative
abilities of P. antipodarum and how they may ameliorate competitive interactisth
native species is unclear and warrants furthersingation.

Potamopyrgus antipodarum has rapidly invaded the Snake River drainage
(Bowler 1991) and has been suggested as a pros@abig competitor with native
gastropods (Strayer 1999), but variation in ecaalgimpact exists among species and
locations. Potamopyrgus antipodarum was first documented in North America in the

Snake River, Idaho in 1987 (Bowler 1991; Langensaeid Bowler 1991; Bowler and
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Frest 1992). It spread rapidly throughout the @mak/er drainage following its
introduction; however, its distribution is patchydaits populations are highly variable in
size (Bowler 1991). The native gastropod faunthefSnake River have been adversely
affected by impacts from management of scarce wasaurces for growing human
population demands and the introduction of nonveadpecies such &s antipodarum
(U. S. E. P. A. 2002; Lysne and Koetsier 2006ajteractions betweeR. antipodarum
and native gastropods have been explored withriilaregered. serpenticola (Richards
2004) andv. utahensis (Lysne and Koetsier 2008) suggesting f.adntipodarum
negatively affects native species of conservatmrcern in the Snake River. Yet, little is
known about more abundant native gastropod spdtsire able to coexist with
antipodarumin some locations such &slvata humeralis. Valvata humeralisis a
colonial species that forms distinctive populatitmet can be found from year to year in
the same location and are known to coexist Witantipodarum (R. Newman, Bureau of
Reclamation, personal communication). ExamiriRngntipodarum andV. humeralis
patterns of coexistence, interaction net effeatsl, the mechanisms of their interaction
will help further understanding of varying ecologiompacts and native species

persistence in the presence of invasive species.

Overview of Dissertation

In my dissertation, | examined the coexistence raedms of the invasive
aquatic gastropodPotamopyrgus antipodarum, and the native aquatic gastropvdlvata

humeralis, in the Vista reach of the Middle Snake Riverhd@and how they may
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influence the impact d?. antipodarum on native species. | investigated coexistence
from a resource partitioning perspective (Chapjea®hanging interaction perspective
(Chapter 4), a mechanistic behavioral perspec@rapter 5), and a nutrient recycling
perspective (stoichiometric) (Chapter 5). | previatoject background and a literature
review in Chapter 2. In Chapter 3, | describe mpleration of diet, spatial, and
temporal partitioning of. humeralis in populations that were invaded Byantipodarum
and uninvaded. In Chapter 4, | describe a fietiwgin experiment that measured the net
intra- and interspecific effects ® humeralis andP. antipodarum at varying densities
and species proportions. | also compare the grewpleriment results to field survey
data. In Chapter 5, | describe a laboratory graewgberiment designed to identify the
competitive mechanism of the interaction betw&ehumeralis andP. antipodarum. |
also describe a stoichiometric experiment desigoedentify facilitative mechanisms
between species. In Chapter 6, | summarize thétsesf the previous chapters and
discuss the implications of my results for invasspecies management and native

species conservation.
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CHAPTER TWO

BACKGROUND

Understanding Varying Effects of Invasive Species

The impacts of invasive species are difficult tauoify and predict (Thomsen et
al. 2011). Predictive modeling attempts have fedusn identifying which species are
likely to become invasive (Kolar and Lodge 2001jda@and Lodge 2002; Romanuk et
al. 2009) and where their range is likely to expémmb et al. 2007). Quantitative models
that predict invader impacts have been developesddime high-profile invading species;
however, these models rely on consistent and peddlecimpacts of the invader among
different environments (Ricciardi 2003). Unforttelg, the impacts of invaders often
differ among environments and the mechanisms uyidgrthis variation are unclear
(Thomsen et al. 2011). Invader impacts are oftssitively correlated with high
abundance (Ricciardi 2003), rapid population grqwatid high propagule pressure (Kolar
and Lodge 2001), but are not always consistent gmmraded environments. Even
invasiveness, a history of high establishment sgaed rate of spread, is not a good
indicator of the impacts an invasive species valdin a system (Ricciardi and Cohen
2007). Understanding how the impacts of invaspecges differ and change among
systems is vital for improving predictive abilitgtfayer et al. 2006).

Varying ecological impact of invaders, impact oa tlative community, may be
caused by differences in the invaders interactwitts native species. While invasive

species distribution, abundance, and per capigztsfion native species all contribute to
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the ecological impact, per capita effects are ofipaar interest because they reflect the
direct, interspecific interactions between natind avasive species. Changes in the
species composition of the native community follegvthe establishment of an invader
are commonly attributed to continued negative pita effects on native species (Byers
1999; Wilson et al. 2004; Bruno et al. 2005; Di€l08). Native species composition
may even change over time leading to a communityidated by species that experience
lower per capita effects of the invader (Vandergleeal. 2001; Sharp and Whittaker
2003; Cox 2004, Strayer et al. 2006). In contriass, also possible that invader per
capita effects on native species change and thetednyge the course of an invasion. For
example, introduction of a nitrogen fixing treeatmitrogen limited environment
gradually increased nitrogen availability for otlspecies (Vitousek et al. 1987).
Concurrent fertilization of native trees increasative tree growth implying that the
gradual addition of nitrogen to the soil by theader could improve native plant growth.
It is not known whether the positive facilitativééeet of the invader ameliorated the
negative competitive effect in this case, but ltksly that the facilitation changed the
intensity of the interaction between species.

Per capita effects of invasive species on natieeisg are best described
guantitatively. The per capita effect of one spe@n another is frequently measured as
the interaction strength) (MacArthur and Levins 1967; MacArthur 1972; Laskal
Wootton 1998; Berlow et al. 1999) or as a net ¢ftédone species on another (Gurevitch
and Hedges 2001; Kawai and Tokeshi 2006; KawaiTark@shi 2007). With both of

these metrics, positive values indicate facilitattmd negative values indicate
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competition with changes in the metric reflectimgueges in the magnitude of
competitive and facilitative interactions.

The interaction between a native and an invasive change with behavioral,
physiological, or genetic changes of the invadénaf@r et al. 2006), or with changes in
the physical environment caused by the invadeio(&ék et al. 1987; Crooks 2002). The
latter involves physical modification, maintenangecreation of habitat by one species
that makes the habitat either more or less hodpitab other species (Jones et al. 1997,
Stachowicz 2001). These habitat modifiers directlindirectly control the availability
of resources to other organisms by physically @mltethe environment (Jones et al. 1997)
and can change their effects on other speciesaispironally with abundance, creating
unexpected per capita outcomes (Parker et al. I9@&am et al. 2007). There may be a
change in the intensity of the interaction betwsgecies (increase or decrease) or a
change in the direction of the interaction (negaty positive). Such changes in the
positive and negative interactions that sum toterédee net interaction may promote
coexistence between similar native and invasiveispdy decreasing the intensity of

negative interactions.

Positive and Negative Interactions Between Invaaivaé Native Species

Competition is frequently assumed to play a sigaiit role in native species
decline following invasion (Sala et al. 2000) daeart, to a historical focus on the
influence of competitive interactions in ecologihe role of competition in structuring

communities and determining species coexistencédas of key interest since the
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inception of ecology (Forbes 1887; Hairston efl860; Real and Brown 1991). Early
ecological publications stressed the importancaaipetitive mechanisms in building
and maintaining community structure (Forbes 188fe first mathematical models
describing community succession and compositicegnated competition in attempt to
guantify the influence coexisting species couldéham one another (Lotka 1932; Gause
1937; MacArthur and Levins 1967). Later competitinodels developed to relate
similarity in resource use to competitive effeaiggested that resource overlap could be
used to predict the outcome of competition betweenspecies (MacArthur and Levins
1967). An important observation following this \Wavas that species with a greater
ecological overlap had a greater tendency to coenphen food or microhabitat
dimensions were considered (Werner and Hall 19¢Bp&ner 1983). Resource overlap
between an invader and a native is often citedvasion ecology as proof of imminent
native species decline because of competitiveantems. However, large ecological
overlap does not always equate to competition t@sspecific tolerance and exclusion
may also play a role in coexistence (Colwell antuffona 1971; Vandermeer 1972;
Abrams 1980). In addition, other factors suchrasrenmental variability (Begon et al.
1996) may enable species with similar competitiviéitees to coexist. As such, the
suspected dominance of competition and compexatusion in structuring
communities has decreased (Bertness and Callava, $2achowicz 2001; Bruno et al.
2003).

Recent empirical evidence implicates a greaterabfacilitation in ecological

communities (Bertness and Callaway 1994; Stacho20€A4 ; Bruno et al. 2003), yet the
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role of positive interactions between invasive aatlve species is rarely considered
(Bruno et al. 2005). Two potential facilitative amanisms between native and invasive
species are habitat and resource enhancementtaHabhancement occurs when habitat
guality is increased for one species by the presehanother. This form of facilitation
has been commonly identified among sessile organgroh as plants (Went 1942) and
intertidal marine organisms (Bertness 1989; Bedmt®l. 1999; Kawai and Tokeshi
2004). In contrast to habitat enhancement, regcembancement typically involves
species interactions with food or nutrients. Baraple, terrestrial herbivores may
facilitate one another by creating access to bgtiatity food through browsing or
grazing (Vesey-Fitzgerald 1960; Bell 1971; McNawgh1976). Herbivores may also
enhance resources by directly increasing food tyu@liunter and Russell-Hunter 1983;
Ruess and McNaughton 1984; Hillebrand et al. 2Q885s and Hillebrand 2006; Liess
and Kahlert 2007). For example, freshwater berghazers may function as ‘nutrient
pumps’ or ‘resource engineers’ altering epilithanrient content via excretion of
nutrient leading to higher food quality (Hillebraadd Kahlert 2001; Hillebrand et al.
2004; Evans-White and Lamberti 2005). Research aquatic grazers has documented
intraspecific stoichiometric facilitation where neased density of grazers decreased food
guantity, but increased per capita food quality dreadteby shifted interaction direction
creating positive density dependence (Sommer 199Rhilarly, competition between
aquatic grazers was reduced at increased densitiers food quality increased via

decreased light availability (Urabe et al. 2002he increased evidence of positive
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interactions between species suggests that thdikakgalso common between native
and invasive species.

The prevalence of facilitation driven interactidnfts between native and
invasive species is not known, yet could have dtenraplications for native and
invasive species coexistence. Recent researchiwiéisive species suggests native
species responses may change with invader derisigrmediate densities of some
invasive species have been found to correlate inditeased native species richness
(Schreiber et al. 2002; Straube et al. 2009) aoctased nutrient availability (Straube et
al. 2009) ; however, the specific mechanisms arettlinteraction have not been
extensively explored. Shifting interactions betweative and invasive species may
contribute to variation in ecological impact of aders among geographic locations.

Net interactions between neighboring species cangd from competition to
facilitation along gradients (Bronstein 1994; Brwetal. 2003). Species often interact in
multiple ways, some positive and some negative,dtia to create the net interaction.
Net interactions between biologically similar sgscchange direction along
environmental stress gradients (Bertness and Cayld®94; Callaway and Walker 1997;
Brooker and Callaghan 1998; Kawai and Tokeshi 2@80@pker et al. 2008) over
different spatial scales (Bertness et al. 1999%a@aly et al. 2002) and through time
(Tielborger and Kadmon 2000; Kawai and Tokeshi 200/hile much research has
been devoted to exploring the effects of abiotadgents on interactions, there is less
information regarding how changes in biotic gratBgsuch as density) may lead to

interaction changes between species. More exparat the feedbacks that create
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bidirectional interactions between species is néeédeinderstand ecological dynamics

(Agrawal et al. 2007).

Interactions Between Invasive and Native Freshw@sstropods

Introduced competitors are suggested as a drivrgefof extinction among
native freshwater molluscs around the world (Lydegtral. 2004). While gastropods in
lentic environments have received considerablearebeattention (Brown 1982; Cedefio-
Leén and Thomas 1982; Meyer-Lassen and Madsen 888hey 1990), the
interactions between lotic gastropods, especiatywa and invasive species, remain
understudied. In North America, the persistenceatifve molluscan fauna has been
threatened by the introductions of the Zebra musseaksena polymorpha, the Quagga
musseDreissena rostriformis bugensis, the Faucet snaBithynia tentaculata (Jokinen
1992; Harman 2000), the Island apple sRaihacea insularum, and the New Zealand
mud snailPotamopyrgus antipodarum (Lysne and Koetsier 2008; Riley et al. 2008).
Introduced competitors may impact native mollusieama through habitat alteration
(Tucker 1994), competition for food and space (lddfet al. 1993; Murray et al. 1988;
Baker and Levinton 2003; Haynes et al. 2005; Kegrdrad. 2005; Hall et al. 2006), or
resource depletion (Holland 1993; Nichols and Hopki993; Caraco et al. 1997; Hall et
al. 2003). Yet, while much research has been @eMat investigating native species
declines following invasive mollusc introductiongyy little is known about the

mechanisms of native mollusc persistence folloviimigpductions.
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Previous research exploring interaction mechanisehseen native and non-
native gastropods has produced equivocal resGitsnpetitive mechanisms include
resource use overlap with native species leadimgcteased competition for food and
space (Hadfield et al. 1993; Murray et al. 1988rdfes et al. 2005; Hall et al. 2006).
Competition among aquatic gastropods is commonjgnazetric (Brown 1982; Cedefio-
Leén and Thomas 1982; Schmitt 1985; Meyer-Lassdradsen 1989; Baur and Baur
1990; Hershey 1990; Grudemo and Bohlin 2000; Relegl. 2008). Other mechanisms
also exist including physical interference compati{Madsen 1986; Baur and Baur
1990). Yet, research with gastropods has alsoigedwevidence of facilitation (Brown
1982; Hershey 1990; Cope and Winterbourn 2004 yRiteal. 2008). For example, a
non-native gastropod was found to increase reptaduof another non-native gastropod
species (Cope and Winterbourn 2004) and in anstiely a native gastropod was found
to facilitate growth of a non-native (Riley et 2008). Evidence of competition and
facilitation among native and non-native gastropsuggests that interactions may vary
on a species by species or system by system badistter understanding of the
mechanisms contributing to this variation amondeys would provide insight into the
context specificity of invader impact on native Gps.

The invasive aquatic gastropBdantipodarumis a good model species for
investigating shifts in the strengths of net intéi@ns. Potamopyrgus antipodarum has
been a successful invader of lentic and lotic fnedlars of Australia (Schrieber et al.
2003), Europe (Dorgelo 1987), and more recentlyttNAmerica (Bowler 1991;

Langenstein and Bowler 1991; Bowler and Frest 1992anko et al. 1997; Richards et
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al. 2001). A broad diet and physiological tolemi(¢/interbourn 1970, Dorgelo et al.
1995; Collier and Winterbourn 2000) gifPeantipodarum a potentially competitive
advantage in many habitats (Loo et al. 2007). alhkty of P. antipodarum to reach
extremely high densities suggests it would fregyesimpete with native gastropods;
however, prior research has demonstrated mixe@nsgs among macroinvertebrates
(Quinn et al. 1998; Kerans et al. 2005; Schreibat.€2002; Brenneis et al. 2010). In
previously invaded habitat®, antipodarum were found to dominate native
macroinvertebrate assemblages in Australia (Quirah €998) and to negatively affect
macroinvertebrate colonization rates in the Gredetlowstone Ecosystem (Kerans et al.
2005). In contrast, when mud snail densities weaaipulated over brief temporal time
scales (6 days) in previously invaded Australiaaasns, higher densities were positively
correlated with native macroinvertebrate diveré8ghreiber et al. 2002). Schreiber and
colleagues (2002) hypothesized that nutrients ésdreyP. antipodarum provided food
for other macroinvertebrates thereby increasingtaisuitability, but the facilitative
mechanisms involved were not explored. Cope anaétbourn (2004) found that the
presence oP. antipodarum increased the fecundity of the invading sriailysella acuta,
when both snails were kept at equal densities @tig a facilitative effect oP.
antipodarum on P. acuta reproduction. The variation in responses of ogastropods to
P. antipodarum suggests that the per capita effect®.cintipodarum may not be
constant.

Potamopyrgus antipodarum has rapidly invaded the Snake River drainage

(Bowler 1991) and has been suggested as a pros@abie competitor with native
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gastropods (Strayer 1999), but variation in ecaalgimpact exists among species and
locations. The native gastropod fauna of the Sikalker have been adversely affected
by impacts from management of scarce water resstdiocgrowing human population
demands and the introduction of non-native spestiel ad>. antipodarum (USEPA
2002; Lysne and Koetsier 2006a). Competition betvi®e antipodarum and native
gastropods has been explored in laboratory settuitpsthe endangeretl serpenticola
(Richards 2004) and. utahensis (Lysne and Koetsier 2008) indicating negative per
capita effects on biologically similar speciesttlkeiis known about other more abundant
native gastropod species that are able to coexistRvantipodarumin some locations
such ad/alvata humeralis. Valvata humeralisis a colonial species that forms distinctive
populations that can be found from year to yedhénsame location and are known to
coexist withP. antipodarum (R. Newman, Bureau of Reclamation, personal
communication). ExamininB. antipodarum andV. humeralis patterns of coexistence,
interaction net effects, and the mechanisms of theraction will help further

understanding of native species persistence iprgence of invasive species.

Measuring Change in Species Interactions

Measuring species interactions in field environméras raised controversy and
debate (Connell 1983; Schoener 1983; Gurevitch 199Be rise of competition studies
in ecology has been met with skepticism questiottiegconsistency of competition in
nature (Connell 1983). This research has casdatizd long-running debate in ecology

over how influential competition is in structuriogmmunities compared with resource
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availability (Wiens 1977), disturbance (Fowler 198invironmental stochasticity
(Dunham 1980; Smith 1981), and community succegdibnshall and Peterson 1985).
Among the general conclusions has been the neddady define the mechanisms
driving competition by exploring intra- and inteegjific differences in an environment
where other factors are controlled.

The density dependent experimental design isa eled practical method for
determining the strength and direction of inte@ttoetween species and has commonly
been used to study gastropods (Schmitt 1985; Megssen and Madsen 1989; Baur and
Baur 1990; Underwood 1997; Cross and Benke 200@e@ad Winterbourn 2004). A
simple density dependent design holds the inigalsity of a “responding species”
constant while varying the density of a potent@hpetitor species (Morin 1999). A
specific advantage to this design is that when rttwae two density levels are employed,
one can determine whether the per capita effeatsmpetitors increase or decrease
linearly or non-linearly potentially revealing fétative components (Morin 1999).
Additionally, the density dependent design can lodifred into a replacement series
design to determine if frequency dependent comeetdccurs (i.e., intraspecific
competition differs from interspecific competitiooy including treatments of varying
density with species alone and together (Morin 1999

The flexibility of the density dependent design asdamiliarity among
ecologists make it ideal for understanding shifimgractions between native and
invasive gastropods. Specifically, the net effeétg. humeralis andP. antipodarum on

one another can be assessed by comparing growtimaality among treatments of
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varying density and species combinations. Combmédfield surveys, these results
will provide insight into mechanisms of coexistearel potential influences on the

varying ecological impact d?. antipodarum.
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Abstract

Understanding the mechanisms that allow similaciggeto coexist is a strong
theme in ecological research. The coexistence tofenapecies with similar invasive
species (non-natives with a history of spread adbgical or economic impact) is of
particular interest because it may provide insigtd mechanisms of variable invasive
impact. We investigated niche partitioning betwaerative Valvata humeralis, and an
invasive speciefotamopyrgus antipodarum, at an invasion site where native species
have continued to coexist with the invader for caelecade. We investigated habitat use
at three spatial scales over one year and diet gsitign of both species in the Middle
Snake River. Samples were collected with a 0.2plat, Venturi suction dredge, and
SCUBA certified diver. Diet composition was det@red by dissection and isolation of
viscera.Valvata humeralis were consistently smaller in size in the preseride o
antipodarum suggesting competition. Juveniehumeralis appeared to shift diet to one
lower in diatoms in the presenceRfantipodarum suggesting competition for food.
There was evidence of spatial habitat partitiorietyveenv. humeralis andP.
antipodarum among populations, but not within populations dchas. Reproduction
events were temporally partitioned between speaésvariation in flows created by
upstream dams conferred an advantage to the regireglgycle ofV. humeralis. Niche
partitioning and dam operations appeared to cantibo the coexistence ¥f humeralis
andP. antipodarum and to the lower impact &f. antipodarum onV. humeralis
populations in our study. These results suggestitivasive species ecological impact

can be mitigated by native species behavior and fegimes that favors native species.
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Introduction

Exploring the mechanisms that allow similar spetiesoexist remains a strong
theme in ecological research (Chesson 2000). dbgistence of native species with
similar invasive species (non-natives with a higtwirspread and ecological or economic
impact) is of particular interest because it mayvpie insight into mechanisms of the
variable impact of invaders. The impact of an Biva species on native species,
ecological impact, can be highly variable amongsien sites. Invasive species may
dominate biomass is some locations, whereas i tibations they may coexist with
native species at lower biomass levels creatingtran in ecological impact. Attempts
to quantify invasive impact have highlighted theportance of understanding the context
of an invasion in terms of the receiving commuuaityl the physical environment
(Ricciardi 2003; Ricciardi and Atkinson 2004; Riexai and Cohen 2007; Padilla 2010;
Thomsen et al. 2011). A better understanding @emxce mechanisms among invasive
and native species is needed to improve predicobhgture invader impact and identify
vulnerable native species.

The cause of varying impact from one invasion tsitanother may be due, in
part, to the interactions of the invader with natspecies of the receiving community
(Crooks 2002; Lockwood et al. 2009). Invasive sgeare often managed under the
assumption that all new introductions representlairtevels of threat; however, many
introductions do not appreciably change the rengicommunity (Williamson 1996;
Davis 2003) making the ecological impact low. Aduially, species often only exhibit

invasive behavior in particular geographic locasi¢kolar and Lodge 2001). This
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variation can sometimes be attributed to the inkad®bility to proceed through the
entire invasion process in new locations. The mostmonly accepted stages of
invasion include some form of transport, introdactiestablishment, and spread with
impact rarely occurring until the invader has pexted through all stages (Williamson
1996; Lockwood et al. 2009). Competition with tretive community is recognized as a
potential influence during the invasion process thay prevent passage from one stage
to the next and thus influence impact (Bertness@althway 1994; Stachowicz 2001;
Price and Morin 2004). For example, an invasivecsgs may fail to establish in a new
location due to life history constraints, enviromtad stochasticity, and/or competition
with native species (Petryna et al. 2002; Simbedbél. 2002; Keeley et al. 2003).

In addition to the interactions between invasivd native species, the spatio-
temporal context in which they occur may also iefloe the ecological impact of an
invader. The effect that invasive species havaaiive species and vice versa is
dependent on relative competitive abilities as wslspatial overlap (Shigesada and
Kawasaki 1997). Native and invasive species may iae potential to compete, but
habitat partitioning either within or among popidas can ameliorate potential
competition. For example, spatial and temporakti@an in habitat use among native and
invasive mosquito populations in Florida contrilwlite their coexistence and could
possibly explain persistence of the native at laspatial scales (Leisnham and Juliano
2009). Similarly, native whitefish spp. were foueddelay negative effects of the
invasiveVendace Coregonus ablbula by shifting microhabitat use (Gjelland et al. 2R07

Such individual-level behavior may lessen invasmpact in some locations.
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Furthermore, environmental variation may combinghwiabitat partitioning to further
decrease impact at some invasion sites. For iostaasearchers found that both
environmental variability and community compositware important modulators of
impact of marine invasive bivalves among geografiuations (Queirés et al. 2011).

We investigated native and invasive species habg@tat an invasion site where
native species have continued to coexist with gadive creating a lower perceived
ecological impact.Potamopyrgus antipodarum is an invasive aquatic gastropod known
for achieving densities in excess of 250,000 safl¢Richards et al. 2001; Kerans et al.
2005; Alonso and Castro-diez 2008). First docuetkirt the Vista reach of the Snake
River (RM 713) in 1996R. antipodarum has proceeded through the invasion process, but
has continued to coexist with some native gastre@odl has not obtained high densities
as characteristic in other invaded areas. Whitatian in the competitive ability of an
invasive species among populations can contrilout@tiation in ecological impact
among invasion sites (Leisnham and Juliano 20L& not a likely explanation for the
low P. antipodarum abundances in the Vista reach because invasivdatams are
clonal with only several clones in that region (dghl and Drown 2011).

The mechanisms of coexistence with native gastrepothe Vista reach are
uncertain. The gastropod assemblage in this nsadiverse includingsyraulus parvus,
Fluminicola fuscus, Lymnaidae sp.,Physella gyrina, Sagnicola sp.,Valvata humeralis,
Valvata utahensis, andVorticifex effusa. While experiments have revealed a tendency for
competition withP. antipodarum to negatively affect growth of some native spesigsh

asV. utahensis (Lysne and Koetsier 2008), the native congen®ftibumeralis, has
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maintained consistent populations in the preseh&e antipodarum since the invasion in
the mid 1990’s. Spatio-temporal and diet partingrbetweerV. humeralisandP.
antipodarum has not been explored and may provide insighttiméo coexistence.

Our goal was to explore the role of niche partitignn enabling coexistence of a
native with an invasive species. We assessednasouerlap betweev. humeralis and
P. antipodarum in populations of the former over one year. Weestigated habitat use
at three spatial scales over time and diet compasif both species. To establish
whether competition witP. antipodarumwas affecting/. humeralis, we compared the
growth ofV. humeralisin invaded and uninvaded populations over times a&ked, do
V. humeralis andP. antipodarum spatially partition habitat among populations, \wvith
population, or within patches? We predicted thatwould see evidence of competition
between the two species and tllahumeralis would partition habitat spatially,
temporally, or consumptively in order to maintagrgstent populations in the presence

of P. antipodarum.

Methods

We sampled gastropods within the Vista reach eMiddle Snake River below
American Falls Dam (Latitude 42°46’03", Longitud&2t52’46”, RM 713). The Vista
reach is characterized by a narrow channel (127r185mpared to 300+ m up and
downriver) that keeps most of the riverbed watehedughout the year despite dramatic

shifts in discharge from American Falls dam upri@@t-425 cubic meters/second*(s)
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2000-2010 mean low and high discharge). Water teatpes fluctuate from 5-22 °C
throughout the year.

Annual surveys within this reach have indicated gwpulations o¥. humeralis
can be found in the same locations along the déittoone from year to year (R. Newman,
Bureau of Reclamation, personal communicatiorglvata humeralisis a semelparous
species that reproduces in late summer in the Mi8adlake River allowing a population
cohort to be followed throughout the year. We miedi populations o¥. humeralis based
on previous surveys indicating that populationsststrof a densely aggregated center
with decreasing gastropod abundance as you move fasra the center (R. Newman,
personal communicationPotamopyrgus anti podarum was first documented in this
region in the mid 1990’s and maintains a broadithstion with low-abundances (R.
Newman, personal communication).

We selected four long-standiMghumeralis populations that were present in the
reach for at least six years based on prior sur{e388-2006). We used prior population
survey data to designate the presende. ahtipodarum within V. humeralis populations
a priori. Two of the fourV. humeralis populations had a documented presend of
antipodarum within them (invaded populations 1 and 2) anddtier two populations
did not (uninvaded populations 1 and 2). We sebtkpbpulations on both sides of the
river to encompass different habitat types witlhi@ teach. This design allowed us to
look atV. humeralis behavior in the presence and absend@ ahtipodarum at the
among population scale (1-2 km), within populatsaale (10-20 m), and patch scale (1

m).
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We sampled/. humeralis populations monthly from May through November of
2008. We conducted sampling during the second weekch month. Sampling months
reflected the active period of the year for gasidspin the region (Cleland 1954;
Hershey 1990; Lysne 2003; Lysne and Koetsier 2Q006baddition, ice build-up in the
winter months prevented safe access to populatidossurvey the populations each
month, we placed two transects perpendicular teammher through each population.
We established a fixed transect in April which pampendicular to shore (perpendicular
transect) through the greatest density diumeralis in each population. We marked the
fixed transect on shore with rebar and revisitezhith month thereafter as the reference
starting point for sampling. We began samplingheaonth by sampling along the
perpendicular transect every 2 m moving out fromrébar. Sampling along transects
ceased wheN. humeralis density decreased by 75% from the highest sangrisity
along the transect. We placed another transeatlgkiio shore (parallel transect) through
the greatest density ™ humeralis found while sampling along the perpendicular
transect. We collected samples outward every ¥ongahe parallel transect beginning
at the intersection with the perpendicular transact ceased sampling by the same
criteria described above. We designed samplinguiies along these transects to
maximize area covered during sampling days.

We collected samples with a 0.25 piot, Venturi suction dredge, and SCUBA
certified diver. Samples were transported to thréase in flexible piping and passed
through a 1 mm sieve bucket to remove sand and\Aié separated. humeralis andP.

antipodarum, counted abundances, and measured individualstireranterior end of the
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shell across to the apex with digital calipershi® nearest 0.01 mm. When samples were
too large to search entirely, we thoroughly mixedtents and sub-sampled by 50%.
When the number of. humeralis andP. antipodarum individuals was too large to
measure all (> 50/sample), we thoroughly mixed dasmand took a sub-sample of 50
individuals of each species. We considered sang@esid ofV. humeralis andP.
antipodarum after 30 min. of searching. We returned all cotgef the sample to the

plot where they were collected after measuremeats vaken.

Competition BetweeN. humeralis andP. antipodarum

We assessed the effect of competition on the n&tive the invasive at the
among population scale using our a priori desighateaded and univadéd humeralis
populations. We used humeralis size as a measure of competition with
antipodarum. The semelparous life-cycle @f humeralis allowed us to use mean shell
length as an accurate approximation of the avesegeof individuals within a population
each month. We assumed that if competition fRyrantipodarumwas affectingy.
humeralis growth, average shell lengths would be smallénwaded populations. We
used a one-way ANOVA with population type (invaadedinivaded) to compare monthly
mean shell length &f. humeralis. If the effects of the ANOVA were significant, we
used independent contrasts to compateumeralis shell length in invaded and

uninvaded populations within month.
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Valvata humeralis andP. antipodarum Resource Partitioning

We explored how consumptive (diet), spatial, amdgeral resource partitioning
by the native changed in the presence of the imgasiVe assessed diet partitioning
betweenv. humeralis andP. antipodarum by examining gut content. The food patrticle
size consumed by gastropods varies with shell ke(fggnchel 1975). To quantify
potential ontogenetic differences in diet compositiwe examined the gut contentdof
antipodarum andV. humeralis of varying sizes. We randomly sampled 10 adults 0
juveniles of both specie¥(humeralis juvenile < 2 mm and adu#t2 mm,P.
antipodarum juvenile < 3 mm and adut3 mm) from an invaded population on August
13, 2009. To quantify any shift in diet in the ggace oP. antipodarum, we also
randomly sampled 10 adult and 10 juveMldwumeralis from uninvaded populations on
August 12, 2009. We sampled in August becausetita only month when both adults
and juveniles are present. We immediately frozeispens to arrest digestion and
returned to them to the lab for dissection (Real@80). We gently crushed shells with
forceps, isolated the viscera on a hemocytometds, flooded the gut with glycerin, and
placed a cover slip over the top (Reavell 1980).

We measured gut composition as a percentage efeiff components from the
entire flooded gut area with a hemocytometer siigie and a 40x compound scope
(Reavell 1980). We categorized contents as amaoiptetritus, plant-based detritus, and
diatoms. Early trials indicated that plant and goshous detritus were difficult to
distinguish and thus were combined. We squareamsine transformed percent detritus

and diatoms to meet assumptions of normality aed asone-way ANOVA to determine
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differences in diet composition among a combineataiée that included species, age,
and population (invaded or uninvaded). If the efeof the ANOVA were significant,
we used independent contrasts to compare juvemi@dult gut content &f. humeralis
in invaded and uninvaded populations as well asnig and adult gut content between
V. humeralis andP. antipodarum.

We explored spatial partitioning betweérhumeralis andP. antipodarum at
three spatial scales for all sampling events coethiAt the among population scale, we
examined the presencefantipodarumin invaded and uninvaded humeralis
populations over the course of seven months taméte if uninvaded populations
remained uninvaded. We predicted that if spa@alifoning was occurring at the among
population scale, uninvaded populations would rensainvaded or with lowP.
antipodarum abundances. At the withvi humeralis population scale, we looked at the
proportion of samples containify antipodarumin invaded populations at differing
humeralis densities. We predicted thatMf humeralis was partitioning habitat within
populations, they would be found less frequentligigh densities witl. antipodarum.
We used a chi-square analysis to compare the gropaf low, medium, and hig¥.
humeralis density samples<(30, > 30< 100, and > 10®. humeralis'm® respectively)
containingP. antipodarum. At the patch scale, we explored the relationSliefveerv.
humeralis density andP. antipodarum density from samples taken in invaded
populations. We predicted that if habitat partitirlg was occurring at the smaller patch

scale, we would see a negative correlation witheiasing densities of both species. We
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used a Spearman'’s rank test to determine if dessifi the two species were correlated
over the entire sampled period.

We explored temporal habitat partitioning by connpguoverlap betweeN.
humeralis andP. antipodarum at three spatial scales monthly. At the amongifation
scale, we qualitatively compared the percent p@seifP. antipodarumin uninvaded
populations each month from May through Novemb#rthe within population scale,
we qualitatively compared the percentage of santpkgscontainedP. antipodarum
within invaded populations from each month. At pagéch scale, we explored the
relationship betweeX. humeralis density andP. antipodarum density in invaded
populations for each sampled month with Spearnmramk tests. We predicted that if
temporal habitat partitioning was occurring, we Vdosee correlations change from
month to month.

In addition to general spatial overlap, we explasedrlap of reproductive events
for both species. We inferrdd humeralis reproductive events from decreases in mean
length of the population length frequency histogfemm month to month. A
reproductive event was considered a decrease in stedl length and shift of the length
frequency histogram to smaller shell lengths. Walitatively compared timing of
reproductive events between species to determthe fiming of reproduction differed.
We predicted that if temporal partitioning was atimg, we would see peaks of juvenile
V. humeralis abundance occurring at different times than peéksvenile P.
antipodarum abundance. We performed all statistical procedur&AS 9.3. Measures

of variance listed within parenthesis are one steshérror.
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Habitat Assessment

We measured environmental variables concurrentlly gampling to assess
microhabitat associated with invaded and uninvadddimeralis populations. We took
water measurements and sediment cores monthlghaste the substrate at the highést
humeralis density in each population. We measured watepéeature, pH, dissolved
oxygen, and conductivity with a Yellow Springs mshents hand held meter. We
measured water hardness with HACH Sofchek® tegisstiWe measured flow with a
Swoffer 3000 current velocity meter. We measureptid in shallow waters (< 2.5 m) by
marking the diver’'s wetsuit and observing standiegth. In deeper waters (> 2.5 m) we
measured depth with a depth-finder attached toaktire boat. Substrate composition
was visually estimated as the predominant substyptewithin the quarter meter plot by
the diver because of low visibility at greater degpt To estimate benthic productivity
over time, we took sediment cores to determine@ghdry mass (AFDM). We kept
sediment cores on ice, returned them to the ladbdaied them in a drying oven at 21°C
until no moisture remained. We sub-sampled dreztilsent, weighed it, and burned it in
a muffle furnace at 550°C for 2 hrs. We alloweahgkes to cool in a desiccator and we
re-weighed the remaining sediment to calculate AEDMe recorded substrate
composition and macrophyte presence for every same recorded sample depth for
reference, but it is not presented because chamgatey levels from month to month

made it a poor metric.
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Results

Access tdv. humeralis populations varied over the course of samplingghHind
low discharge from American Falls Dam prevente@ safcess to some populations
including uninvaded populations 1 and 2 which wertaccessible in November. In
addition, high flows in May and June prevented @ngled access to invaded population
1; therefore, length frequency data were avail&tniénvaded population 1 in May and
June, but population density was not.

Valvata humeralis populations varied considerably in physical lengginallel to
the shore and width perpendicular to the shore tiwer (Table 3.1). Population physical
size tended to decrease, whereas density incréaseduly to August coinciding with
the semelparous reproductive period. Peak dessifié. humeralis occurred in different

months for different populations, but were concatetl in June, July, and August.

CompetitionBetweenV. humeralis andP. antipodarum

Two-hundred and fifty samples were taken withi@ fbur populations over the
course of seven months. Shell measurements wesedexl from 1,54%. humeralis
(invaded n = 1,199, uninvaded n = 343). Uninvap@plulations were both smaller in
two-dimensional space and loweninhumeralis density than invaded populations
(Table 3.1).Valvata humeralis shell length was consistently smaller in invaded
populations than uninvaded populations from Mawptigh October with the exception of
August (p = 0.88) when the new cohort appearedigz= 306.88, p < 0.0001) (Figure

3.1). Independent contrasts indicated that sbeliths significantly differed among
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invaded and uninvaded populations in Maydgs= 4.56, p = 0.03), June {lo6= 8.15,
0.004), and September;(fRos= 3.97, 0.05), but marginally differed in July: (os=
2.97, p = 0.09) and October;(fzps= 2.55, p = 0.11). Shell lengths from Novemberaver

not used because only invaded populations wereegadvthat month.

Valvata humeralis andP. antipodarum Resource Partitioning

Gut contents were primarily detritus with a smediction of diatoms and varied
significantly among species, ages, and populatipas (ks:= 3.17, p = 0.02).
Independent contrasts revealed that juveviileumeralis in uninvaded populations had a
greater percentage of diatoms than juveniles iaded populations (juveniles invaded
percent diatoms = 2.22 (0.89), juveniles uninvapedent diatoms = 10 (3.78) 1=
5.50, p = 0.02) Adult V. humeralis gut content also varied significantly between ohea
and uninvaded populations with those in uninvadggufations having a smaller
percentage of diatoms (adults invaded percentmisito 4.5 (0.5), adults uninvaded
percent diatoms = 1.1 (0.66), 41= 6.24, p = 0.02) We did not detect a difference
between juvenil®. antipodarum andV. humeralis gut content in invaded populations
(juvenileP. antipodarum percent diatoms = 3.0 (1.3) and percent detrit@g €1.3))(k 51
=0.02, p = 0.88), but aduit antipodarumandV. humeralis gut content did with aduk.
antipodarum having a lower percentage of diatoms tNWahumeralis (P. antipodarum
2.5 (1.12) V. humeralis see above, ;= 5.23, p = 0.03).

At the among population scal, antipodarum appeared in both of the uninvaded
V. humeralis populations.Potamopyrgus antipodarum densities remained low in our

uninvaded populations throughout our sampling,R@ntipodarum were found in up to
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50% of the samples during some months (Table AtL}he within population scal¥.
humeralis occurred more frequently with antipodarum than by itself whewv.
humeralis densities were high, whereas whérhumeralis densities were low or
medium,V. humeralis occurred in samples with and withdtantipodarum about
equally {*=25.79, p < 0.0001) (Figure 3.2). At the patchls, a positive relationship
existed betweeN. humeralis density andP. antipodarum density in invaded populations
(Spearman’s Rank Correlation = 0.44, p < 0.0001).

Temporally,P. antipodarum maintained a presence in "llhumeralis
populations throughout the sampled montRsantipodarum were not found every
month in the uninvaded populations, but their absemas not consistent between the
two uninvaded populations. The uninvaded poputatiwere devoid dP. antipodarum
in April of 2008; howeverP. antipodarumwere present in uninvaded population 2 in
May and uninvaded population 1 in July. The timafdnighest proportion of overlap
with P. antipodarum varied among the populations from June to Octodigating the
asynchronous reproduction Bf antipodarum (Table 3.1). Potamopyrgus antipodarum
densities remained lovg @0/nT) over the year in all populations except invaded
population 1 where they reached densities of 48@irduly; however, there was no
pattern of overlap within the invaded populatioRgj(res 3.3-3.4). At the within
population scale, invaded population 1 experiertbednost spatial and temporal overlap
with P. antipodarum with 100% overlap in October and 77% or greateluly, August,
and September. At the patch scale, densiy. bimeralis andP. antipodarum were

positively correlated in June, July and Octobenwaded populations (Table 3.2).
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Reproductive strategies wf humeralis andP. antipodarum differed creating
asynchronous reproduction between species. Paopukurveys confirmed that
humeralis reproduced semelparously once in summer. Maximn@an shell length df.
humeralis occurred in July for all populations followed byetminimum mean shell
length in August (Table 3.3). The largest decraéaselultV. humeralis (> 2 mm) in the
populations occurred from July to August while Bugest decrease in juveniles (< 2
mm) occurred from September to October (Table 3T&ning of maximum and
minimum mean shell length & antipodarum varied among populations reflecting their
continuous reproductive output (Table 3.8ptamopyrgus antipodarum reproductive

events occurred anywhere from May through Octoleedding on the population.

Habitat Assessment

Environmental conditions associated with the higldensity ov. humeralis
were similar among populations within months (TahK). Temperatures ranged from
7.84-22.68 °C throughout the year with maximum teragures in August and minimum
temperatures in October or November. Dissolvedjerypeaked in the spring and
declined into the fall both years (Table 3.4).oWlin the populations was typically very
low due to their location in the littoral zone dmaffering by American Falls Dam upriver
(Table 3.4). Discharge from American Falls Damgethfrom 10-427 fits. Discharge
was above 200 ¥s from May 1- September 23.

The organic percent of AFDM ranged from 1.1-6.4%cteng a maximum in

June (Figure 3.5). Macrophytes were present omfind the warmest months of June,
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July, and August. The most common substrate tgpecated with the highest densities

of V. humeraliswas small gravel followed by silt.

Discussion

Valvata humeralis size differed in the presence®fantipodarum suggesting a
competitive interaction. Our comparison of shefidths betwee¥. humeralis
populations that were invaded and not invaded atdat thay/. humeralis were
consistently smaller and achieved a smaller adzdt@ior to reproduction in invaded
populations.Valvata humeralis shell lengths were only similar among all populasio
during the month of September when the new colppéared and October when
antipodarum were nearly abseniThe close proximity of populations (1-2 km) and
similarity of our course habitat conditions amomgpplations suggest that patchy habitat
conditions were not a major driver of the differemeV. humeralis growth between
population typesHowever, the stability of our invaded/univaded pagion categories
and decreased. humeralis density in univaded populations may have also dmngd to
the increased shell length in univaded populatiddse of the univaded populations
became invaded during the spring, althoRghntipodarum densities remained lower
than in the invaded populations with the exceptibduring the month of May. Our
uninvadedV. humeralis populations also had consistently less dense ggtioas ofV.
humeralis than our invaded populations indicating that daeseel conspecific density may
have also contributed to the larger shell siz€.d¢fumeralis in uninvaded populations.

While the differences in density and fluctation®irantipodarum presence amonig



52
humeralis population types confound our shell length resioitsome degree, the results
are still suggestive of a competitive interactiol avarrant further investigation.

Our results suggest thdt humeralis andP. antipodarum may compete for food
and thatv. humeralis shifts diet and partitions food resources in thesspnce oP.
antipodarum. Food resources appeared to be shared betwearspatogenetically or
during different ages. Whewv humeralis andP. antipodarum were together, juveniles of
both species had similar gut composition while edaf both species differed indicating
that food resources may only be shared duringubenjle stage. Gut contents varied
betweenv. humeralisjuveniles and adults in invaded and uninvaded aiporis also
suggesting tha¥. humeralis shifts diet in the presence Bf antipodarum regardless of
age. Our results showed more diatoms in the digtvenile V. humeralisin uninvaded
than invaded populations, but the opposite patias true for aduly. humeralis.
Diatoms are a high nutrient food source for grazpegcies suggesting humeralis
juveniles may select higher quality food wHerantipodarum is absent contributing to
the larger adult size in uninvaded populations (8edberger 1997). The adut
humeralis diet shifted to more diatoms in the presencB.a@ntipodarum suggestive of a
greater competitive ability of. humeralis once adult size is reached. Further study is
needed to clarify food preference and competithvéties.

Our exploration of spatial partitioning indicatée interaction betweevi
humeralis andP. antipodarum may vary with spatial scale and perhaps densityerd
was evidence of spatial habitat partitioning betwéehumeralis andP. antipodarum

among populations, but not within populations dcpas. Although our populations
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started as invaded and uninvadedantipodarum moved into all of the populations at
some point during the year indicating that thers wat strict population level habitat
partitioning. Despite this, the larger shell ldrggofV. humeralisin uninvaded
populations suggest that there may be a benesibniee level of population scale habitat
partitioning. In contrast, our measure of halpittitioning at the within population and
patch scales indicated the near opposite. Withiaded populationd/. humeralis were
found more frequently at high densities withantipodarum. This pattern was consistent
from month to month and among the two invaded patparis suggesting there may be
some benefit to sharing habitat wRhantipodarum at particular densities. This was also
supported by our patch scale assessment that eevaalositive correlation betwekgn
humeralis andP. antipodarum abundances. It is possible that heterogeneoutahab
conditions could drive these patterns as well. hBiftour invaded/. humeralis
populations were larger in two-dimensions and detisa the uninvaded populations
suggesting differences in habitat quality; howeteg, consistent pattern of high
humeralis densities withP. antipodarum throughout the year in invaded populations and
similarity of habitat conditions between populatigpes suggests that more than habitat
quality was driving the difference in populatiozesi

Temporal partitioning of reproductive events causgdiffering life history
strategies may have lessened competition duritigadrgrowth periods contributing to
coexistence of. humeralis andP. antipodarum. We found thaw/. humeralis were
temporally partitioning habitat witR. antipodarum during reproduction periods.

Valvata humeralis populations were semelparous reproducing synclusipauring
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August and September which were months wihesmti podarum abundances were low.
Even thougtP. antipodarumwere found in a majority of samples from invaded
populations during August and September, their dances remained fairly low.
Potamopyr gus antipodarum iteroparously reproduced continuously over sampiedths
and did not exhibit synchronized reproduction ampaogulations. The appearanceof
humeralis cohorts in late summer and early fall wHerantipodarum were scarce may
have led to higher juvenile survival due to reducenhpetition fromP. antipodarum as
well as optimal environmental conditions. Reprdogcevents folP. antipodarum did
not coincide with the most productive season atstterand may have prevented
populations from reaching high densities seenleolocations. In addition to differing
life histories,P. antipodarum nearly disappeared from &Il humeralis populations in
October and November. Although we did not survesymd) winter months, it is possible
that the decline i. antipodarum during winter decreases competition between specie
during the slowest growth period when water leagésalso at their lowest.

The anthropogenically driven hydrograph below Areni Falls likely works in
concert with life history and diet partitioning help maintain coexistence betweén
humeralis andP. antipodarum by re-setting the habitat each yedihe occurrence d@3.
antipodarum reproduction throughout the year is generally msred an advantage
(Dorgelo 1987; Dorgelo 1988; Alonso and Castro-@&@e@8); however, in the dynamic
system below American Falls Dam it may not prowtie same advantage.
Potamopyr gus antipodarum populations within this reach appeared to have 2-3

reproductive events during the year with one fglim early summer and another in early
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fall. The second reproductive event coincided wlign dramatic decrease in discharge
from American Falls dam which exposes as muchraso8the littoral zone for 3-5
months during the winter. The change from higlote discharge in fall, and vice versa
in spring, occur over a short time period creating then removing large areas of
seasonally available habitat. The littoral zonednees available for colonization in April
and is destroyed in October essentially clearirgsthte for the next year. In other
words, no one species is able to maintain populatio this habitat. The re-setting of
littoral habitat may keep. antipodarum populations from reaching high abundances
because each year they must recolonize the habitaV. humeralis, but do not have
enough time to dramatically increase the populadiana.

Although some of our results were suggestive of petition betweery.
humeralis andP. antipodarum, the persistence &. humeralis populations and the
tendency for the species to be found at higheritdewgh P. antipodarum indicate that
their interaction may change along a biotic or aibigradient. Previous work exploring
community responses & antipodarum have found mixed results indicative of non-
linear shifting interactions. While. antipodarum has invaded many Western waters,
there is considerable variability in ecological mepamong sitesPotamopyrgus
antipodarum can dominate invertebrate numbers and biomasstableshed areas
(Kerans et al. 2005; Hall et al. 2003) facilitatgdnative species in some cases (Riley et
al. 2008), but also experiences extreme populatiashes (Dorgelo 1988) and coexists
through time with native gastropod species (Siegistnand Hylleberg 1987). Schreiber

et al. (2002) found that mud snails facilitated téonization of several native taxa in an
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Australian stream thereby increasing native spedivgsity. A similar experiment in
Montana found the opposite effect that densitigB. @htipodarum were negatively
correlated with densities of several native taxaréiQs et al. 2005). The ultimate cause
of these disparities among invasion sites remanetear, but is suggestive of a complex
interplay between species interactions and enviesiimFurther study of direct
interactions between species is needed.

Our approach to exploring niche partitioning of thative species at
multiple spatial scales provided varying persp&sion species coexistence and the
potential mechanisms of decreased ecological impat invaders. Niche partitioning
and environmental stochasticity promoted the caence ofV. humeralis andP.
antipodarum and lower impact oN. humeralis populations in our study. While
interactions with predators have also been shovimflicence coexistence of aquatic
gastropods (Covich 2010), we saw minimal eviderideeavy predation during the
course of our sampling (qualitative fish gut-comtamalysis and crayfish abundance
counts) suggesting that predation was relativehsstent among gastropod species and
over time. Diet of the native species appeareshifh to one of lower nutritional quality
in the presence of the invader potentially contifigito the smaller adult size of the
native in the presence of the invasive. Diffeniagroductive strategies likely conferred
an advantage to the native species because repimduas aligned with the high flow
and high productivity times of the year while pdtelty inhibiting the invasive. At the
among populations scale, there may have been alyamvantage for the native in

uninvaded populations, but at the within populatimal patch scales there was a tendency
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toward native and invasive species aggregatioresd hesults highlight the importance
of investigating native and invasive species irdgoas at multiple spatial scales over
time and considering the environmental conditiorthiw which they occur. In addition,
these results suggest that invasive species ecalagipact can be mitigated by native

species behavior and flow regimes that favor napexies.
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Table 3.1—alvata humeralis population size and density by month. Length was
parallel to shore while width ran perpendiculashore. Proportion of samples
containingP. antipodarum is the proportion of samples containivighumeralis that also
containedP. antipodarum. A dash (-) indicates that there was no datalabiai.

HighestV. HighestP. Proportion of

Populatio humeralis antipodaru  samples
nlength  Population density m density containingP.
Population  Month (m) width (m)  (ind./nf)  (ind./n?) antipodarum
Uninvaded Populations
1
May 40 2 32 - 0
June 35 6 176 - 0
July 30 6 48 32 0.11
August 30 2 160 4 0.14
September 15 4 80 16 0
October 10 2 16 12 0.5
2
May 10 25 128 80 0.22
June 20 10 160 24 0.33
July 20 25 56 32 0.4
August 0 0 4 0 0
September 20 17 64 8 0.11
October 5 1 8 4 0
Invaded Populations
1
May - - 160 96 -
June - - 204 20 -
July 35 10 512 480 0.85
August 15 8 1280 172 0.8
September 25 12 880 48 0.77
October 25 6 280 84 1
2
May 5 25 208 48 0.2
June 15 10 256 48 0.6
July 30 12 304 32 0.27
August 15 2 352 32 0.5
September 5 4 192 4 0.5
October 10 7 28 8 0.5
November 10 4 24 4 0
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Table 3.2—Spearman’s rank correlation
(p) and associated p-values #ar
humeralis andP. antipodarum density
each month in invaded populations.

Month p P-value
May -0.07 0.9
June 0.9 0.02
July 0.55 0.005
August 0.12 0.68
September  0.38 0.14
October 0.83 0.0001

November -0.06 0.87
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Table 3.3—Mean shell length ¥f humeralis andP. antipodarum in
each population by month. A dash (-) indicates thate were no data
available.

V. humeralismean P. antipodarum mean

Population Month shell length (mm) shell length (mm)
Uninvaded Populations
1
May 2.71 (0.07) -
June 2.98 (0.07) -
July 3.71(0.13) 4.27 (0.22)
August 1.41 (0.06) 2.7 (5
September 1.49 (0.06) 3.69 (0.46)
October 2.10 (0.16) 2.97 (0.36)
2
May 2.53 (0.08) 3.82 (0.16)
June 2.74 (0.09) 3.61 (0.24)
July 3.87 (0.08) 4.37 (0.18)
August 3.63 (-) -
September 1.58 (0.06) 1.91 (0.09)
October 1.67 (0.14) 2.61 (0.09)
Invaded Populations
1
May 2.10 (0.07) 2.48 (0.18)
June 2.58 (0.08) 2.87 (0.47)
July 3.19 (0.07) 3.67 (0.09)
August 1.47 (0.03) 2.94 (0.11)
September 1.44 (0.02) 2.99 (0.22)
October 1.74 (0.02) 2.19 (0.11)
November 1.8 (0.03) 3.94 ()
2
May 2.81 (0.08) 2.36 (0.14)
June 2.90 (0.08) 4.10 (0.46)
July 3.45 (0.06) 4.12 (0.31)
August 1.52 (0.08) 3.66 (0.53)
September 1.23 (0.03) 3.06 (0.53)
October 2.29 (0.11) 3.77 (0.26)
November 2.26 (0.11) 4.36 (0.36)
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Table 3.4—Environmental parametersArhumeralis populations from May through
November of 2008. Measurements were taken wherhitihest density of.
humeralis were found that month.

Temp. CaC@ DO Sp. Cond. Flow  Macro-
Population Date (°C) (ppm) (mg/L) pH (ms/cm) (m/s) phytes

Uninvaded Populations

1
13-May 10.39 185 10.83 797 0.318 0.038 n
12-Jun 13.87 120 16.4 8.44  0.37 0.06 n
15-Jul 20.04 185 8.05 8.27  0.348 0.087 vy
11-Aug 2261 120 7.68 8.74  0.356 0.002 vy
10-Sep 16.08 185 6.84 9.61 0.316 0.005 vy
14-Oct 8.86 120 5.05 8.4 0.303 0 n

2
14-May 104 na 11.212 8.45 0.323 0.194 n
13-Jun 1405 185 11.88 8.46  0.333 0.142 vy
16-Jul 20.33 185 8.48 8.38 0.351 0.292 vy
11-Aug 22.68 120 7.35 8.76  0.356 0.037 vy
10-Sep 17.03 120 7.56 9.97 0.323 0.039 vy
14-Oct 9.8 120 5.33 8.4 0.308 0 n

Invaded Populations

1
14-May 9.78 185 10.57 8.22 0.319 0.053 vy
11-Jun 13.27 120 10.67 8.23  0.337 0.069 n
14-Jul 19.27 185 7.54 8.13  0.357 0.013 vy
12-Aug 22.1 120 7.28 8.44  0.372 0011 vy
9-Sep 17 120 8.54 9.99 0.321 0.009 vy
13-Oct 9.87 120 5.83 8.4 0.312 0 n
13-Nov 9 120 3.08 8.4 0.354 0 n

2
15-May 10.37 185 10.89 835 0.323 0.057 n
13-Jun 1437 185 12.15 853 0.329 0.051
15-Jul 20.34 185 8.45 8.29 0.354 0 y
13-Aug 21.78 185 6.54 8.45 0.356 0 y
11-Sep 16.04 120 7.18 9.67 0.322 0 n
15-Oct 9.7 120 5.45 8.5 0.319 0 n
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Figure 3.1.—Valvata humeralis mean shell length in populations invaded and
uninvaded bypP. antipodarum from May through October of 2008. Error bars aade
one standard error.
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100/nf) V. humeralis density samples containitiy antipodarum.
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November 2008. Each point represents a samplee ddisymbol represents density of
individuals in that sample. The x-axis is paraitethe shore line and the y-axis is
perpendicular to the shore line. Zero on the xs-arrresponds with the marked starting

location for sampling each month.
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Abstract

Much research has been devoted to understandingrteractions shift along
abiotic gradients of stress, but less is known abaiic gradients and how they can
affect the strength and intensity of interactioesA®een species. We explored the
interaction between the native aquatic gastrop@atijata humeralis, and invasive aquatic
gastropodPotamopyrgus antipodarum, along a biotic gradient of density in a system
where we suspected that an interaction shift waaroing. We experimentally
guantified the intra- and interspecific net effeatshese species on each other and tested
the results in a field setting by comparing therthvield surveys.Valvata humeralis
growth was significantly greater in treatments egmnhgV. humeralis andP.
antipodarum at 400/meach (total gastropod density 808/mvhen compared to growth
of V. humeralis alone at 400/f The facilitative growth effect disappeared ajhair
snail densities indicating it was density specifiéeld surveys indicated that competition
between the species at medium densities did nattivety affectV. humeralis growth,
but did not show the same facilitation seen inekgeriment. Experimental and field
results combined suggest that the shifting intesadietween species is intertwined with
other biotic and abiotic factors in the field. @asults confirm that interactions between
a native and an invasive species can shift aldmgtec density gradient potentially

influencing invasive species impact.
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Introduction

Interactions between neighboring species are diiinectional existing along a
gradient from competition to facilitation, but asrely studied as such (Bronstein 1994;
Bruno et al. 2003). Bidirectional interactions Hre result of changes in the interaction
components that sum to make the net interactinterdctions change direction along
environmental stress gradients (Bertness and Cayld®w94; Callaway and Walker 1997;
Brooker and Callaghan 1998; Kawai and Tokeshi 2@80@oker et al. 2008) over
different spatial scales (Bertness et al. 1999%a@aly et al. 2002) and through time
(Tielborger and Kadmon 2000; Kawai and Tokeshi 200hese bidirectional
interactions create non-linear interaction coediits which produce unexpected
outcomes between species that are thought to ceniBetvden, Gates, Kerans, and
Taper, in preparation). More exploration of thedieacks that create bidirectional
interactions between species is needed to unddrstatogical dynamics (Agrawal et al.
2007).

Much of our knowledge of changing interactions cerftem research exploring
the Stress-Gradient Hypothesis (SGH) with sessgarisms and abiotic stress gradients.
The SGH predicts that in high stress environmeh&samelioration of stress for one
species, the beneficiary, by another species,eheflactor, produces a facilitation that
offsets competition for resources. In other wotlls,occurrence of competitive and
facilitative interactions varies inversely with reasing stress (Bertness and Callaway
1994; Maestre et al. 2009). Facilitation typicdlkes the form of habitat enhancement

where habitat quality is increased (through resesigr non-resources) for one species by
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the presence of another (Maestre et al. 2009)s fbinm of facilitation has been
commonly identified among plants (Went 1942; Callg®995; Callaway and Walker
1997) and intertidal marine organisms (Bertnes®1B8rtness et al. 1999; Kawai and
Tokeshi 2004). Stresses that can be ameliorateleogresence of another species
include exposure to heat (Kawai and Tokeshi 20@8y#& and Tokeshi 2007), wave-
action (Kawai and Tokeshi 2006; Kawai and Toke$l7), or anthropogenic
disturbance (Villarreal-Barajas and Martorell 2009) all of these cases, the facilitation
and shifting interaction only become apparent ghtstress environments when the
presence of the benefactor is facilitative for ltle@eficiary outweighing the competitive
interactions under lower stress. In this manrner a@biotic gradient of stress determines
the net species interaction.

Biotic stress gradients have not been extensighjored despite their potential
to create bidirectional interactions that influespecies coexistence similar to abiotic
gradients. Some biotic gradient research has teeducted exploring plant interactions
along a consumer stress gradient of grazing ine(Smit et al. 2007; Smit et al. 2009;
Graff et al. 2007; Graff and Aguiar 2011). Thisnwbas found evidence of interaction
shifts along a consumer stress gradient, but iebalkke been mixed with some evidence
aligning with the SGH (Graff and Aguiar 2011) amsiee requiring modifications of the
SGH (Smit et al. 2009; Soliveres et al. 2011). #heo potential biotic stress gradient that
has received even less attention is benefactoitggBsuno and Bertness 2001; Bulleri
et al. 2011). Preliminary research with benefadesity gradients indicates that the

interaction between benefactor and beneficiaryateamge along a benefactor density
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gradient, but that the outcome may also be depemateabiotic stress levels (Irving and
Bertness 2009) or individual species traits (Bukeral. 2011). More research is needed
to better understand the influence of benefactasitg gradients on species coexistence.

Inconsistent outcomes from the interactions ofdgalally similar species often
occur in invasion ecology. Invasive species, native species with a history of causing
ecological or economic impact, often only exhibiasive behavior in particular
geographic locations (Kolar and Lodge 2001) andymiaimoductions do not appreciably
change the receiving community (Williamson 1996yiB&2003). Failure of an invasive
species to impact native species can sometimetrimited to their inability to proceed
through the entire invasion process; yet, therestifirbe considerable variation in native
species response among invasion sites. The maoharfithis variation is uncertain.
The potential influence of positive interactionsvibeen invasive and native species is
rarely considered despite the prevalence of pesititeractions (Bruno et al. 2005) and
existing evidence that interactions may shift alongsive density gradients promoting
coexistence with native species (Straube et alQR00

Previous research with the invasive aquatic gasti®otamopyrgus antipodarum
is suggestive of shifting interactions with natiagertebrates.Potamopyrgus
antipodarum is known for achieving densities in excess of 260,snails/mi (Richards et
al. 2001; Kerans et al. 2005; Alonso and Castra-8(8). Factors which have been
suggested to contribute to the succedB. ahtipodarum in introduced systems include
their parthenogenic and ovoviviparous reproduc{idorgelo 1988), high secondary

production (Hall et al. 2006), ability to reprodubeoughout most of the year (Dorgelo
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1987), and ability to quickly re-colonize disturbaetas (Schreiber et al. 2003). Yet
while P. antipodarum has invaded many Western waters, there is coradbevariability
in invasion establishment among systerRstamopyrgus antipodarum can dominate
invertebrate numbers and biomass in established &kerans et al. 2005; Hall et al.
2003) sometimes with the aid of native speciese{Relt al. 2008), but also experiences
extreme population crashes (Dorgelo 1988) and sbéxiough time with native
gastropod species (Siegismund and Hylleberg 19Ba@).example, in the Vista reach of
the Middle Snake River high densities of the naigeatic gastropodalvata humeralis
coexist withP. antipodarum (Gates and Kerans, Chapter 3). Despite suspected
competition withP. antipodarum (Lysne and Koetsier 2008); the natiwehumeralis has
maintained large populations wikh antipodarum for over a decade in some locations.
We hypothesized that coexistence of these two ep&gas promoted by an interaction
that shifts from negative to positive along a bantdr density gradient wheke
antipodarum s the benefactor ard humeralis is the beneficiary.

We explored the interaction between a native spgbieneficiary) and invasive
species (benefactor) along a biotic stress gradielénefactor density in a system where
we suspected that an interaction shift was ocogure experimentally quantified the
intra- and interspecific net effects of the naspecies/. humeralis and the invasive
specied?. antipodarum along a gradient of density and species proportide tested the
hypothesis that the effect of an invasive specmea pative species changes with density
of the invasive species using a field experimeuittasted the results in a field setting by

comparing them with field surveys.



79

Methods

Study Species and Site

Research was conducted in the Vista reach of tluelléliSnake River below
American Falls Dam (Latitude 42°46’03”, Longitud&2t52’46”, RM 713). Previous
surveys indicated that. humeralis andP. antipodarum have coexisted in this reach for at
least 15 years (R. Newman, Bureau of Reclamatiersgmal communication). The Vista
reach is characterized by a narrow channel allowiogt of the riverbed to remain
watered throughout the year despite dramatic cteimggischarge from American Falls
dam upriver (11-425 ffs 2000-2010 mean low and high discharge). Watepégature
fluctuates from 5-22 °C throughout the year.

Our target native specieg, humeralis, is a colonial species that forms distinctive
populations that can be found from year to yedhansame location and are known to
coexist withP. antipodarum in the Middle Snake River making them a good caaigid
for interaction studies (R. Newman, personal comication). In additiony. humeralis
is semelparous reproducing in late summer in trek&River allowing a cohort to be
followed throughout the year. Our target invasipeciesP. antipodarum, has been a
successful invader of lentic and lotic freshwatdrdustralia (Schrieber et al. 2003),
Europe (Dorgelo 1987), and more recently North Aoge(Bowler 1991; Langenstein
and Bowler 1991; Bowler and Frest 1992; Zarankal.€1997; Richards et al. 2001). A
broad diet and physiological tolerance (Winterbol®@0, Dorgelo et al. 1995; Collier
and Winterbourn 2000) and continuous reproductioae B. antipodarum a potentially

competitive advantage in many habitats (Loo e2@D7). Other gastropod species
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within the Vista reach include the native speégsaulus parvus, Fluminicola fuscus,

Lymnaidae sp.,Physella gyrina, Stagnicola sp.,Valvata utahensis, andVorticifex effusa.

Field Experiment

We assessed the effects of intraspecific and peerc density on the growth
and mortality oV. humeralis andP. antipodarum with a field cage experiment modified
from Underwood (1997) and Cope and Winterbourn 4200We used growth and
mortality as indicators of interaction directiordaintensity. There were three densities
levels; low (6 snails/cage or 400 snails snaify/medium (12 snails/cage or 800
snails/nf), and high (18 snails/cage or 1200 snaify/ffiable 4.1). The low density
treatment corresponded with the aversigbumeralis density found in the field during
population surveys in 2008 (Chapter 3). We crea&an treatments including low
densityV. humeralis, medium density. humeralis, low densityP. antipodarum, medium
densityP. antipodarum, medium density. humeralis andP. antipodarum (1:1), high
densityV. humeralis andP. antipodarum (1:2), and high density. humeralis andP.
antipodarum (2:1). Within these treatments, we measured dr@amtl mortality ol.
humeralisin all five treatments containing. humeralis and we measured growth and
mortality of P. antipodarum in all five treatments containirfgy antipodarum creating 10
levels of the response variable. We replicateattnents three times.

We constructed cages of clear modified plastic fetodage containers (12 x 12 x
12 cm) with flow-through 0.5 mm Nitex vents on te and two opposite sides to
prevent snail movement in or out, but to allow waieculation. We covered the cage

floor with local substrate (3-5 flat stones witk@mbined top surface area of
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approximately 130 cf that was sifted and picked free of macroinver&s. We
weighted cages to rest on the top surface of satiesénd cage position was randomly
assigned within a 5 X 5 m grid in the littoral zaatea depth of 0.5- 0.7 m. We assumed
that cage effects would be minimal with this dedigoause of the small size of
gastropods used relative to the cages (1-3 mm sdrdem), the use of local substrate,
and cage placement in local habitat.

We collectedv. humeralis andP. antipodarum from the Vista reach using a
Venturi suction dredge. We used juveniles of speciesV. humeralis < 2 mm andP.
antipodarum < 3 mm) to capture growth potential and avoid ragag lack of growth
associated with reproductiomVe measured individual shell lengths to the nedr&xit
mm with a digital micrometer on day 0 and then Isnaere randomly assigned to
treatments. We did not mark individuals, thusradcanly selected group of six
individuals of each species in each treatment weegl to calculate biomass. The
experiment took place over the course of 10 days fAugust 11- 20, 2008. August is
the month that the new annual cohorvohumeralis appears and between August and
September they grow rapidly (R. Newman, personaldmanication; Chapter 3). We
measured shell length as described above agaiayfh@and converted shell lengths to
ash free dry mass (AFDM) with an established lengtmass equation faé?.
antipodarum (Hall et al. 2006). We developed our own lengtimiass equation fof.
humeralis (Benke et al. 1999). The regression\ohumeralis was mass = 0.0868£4*
where mass is measured in mg (AFDM) and lengthis(b)easured in mm (n = 52, %

0.72) (Appendix A). Ou¥. humeralis mass includes shell mass while the
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antipodarum mass does not, thus biomass was relativized witilalibiomass and
relative growth changes were not compared betwpeectiess. We calculated biomass
specific growth rates as the ratio of after biontadsefore biomass in
((mg/mg)/individual)/day modified from Cross andrige 2002 as:

(M- My)/Mg)/n
£ t

Where M is total gastropod biomass at the end of the exygeit (mg AFDM), M is the
total initial gastropod biomass (mg AFDM), n is tinember of individuals in the
treatment used for the mean calculation (n = &},tas the duration of the experiment
(days).

In the field experiment, we compared relative gloamd mortality among
treatments with a one-way multiple analysis of aace (MANOVA). If the MANOVA
was significant, we used individual one-way anadyskvariance (ANOVAS) for growth
and mortality to explore independent effects chtmaent type. If the effects in the
ANOVAs were significant, we tested for significatifferences among treatments with
independent contrasts based on our experimentgnde¥/e compared the low density
intraspecific treatment to the medium density speecific, medium density interspecific,
and high density interspecific treatments (Underdvb®97). We arcsine square root
transformed percent mortality to meet assumptidmoomnality. Biomass values and
variance met assumptions of normality and werdnaosformed.

We used changes in snail tissue biomass to cadcntdteffect sizes. We
calculated effect size as the natural log of thie @& treatment to control biomass change

(Gurevitch and Hedges 2001; Kawai and Tokeshi 2@87)
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Net effect = In(M{/M;)
Where M is total gastropod biomass at the end of the exygait (mg AFDM) and Mis
the total initial gastropod biomass (mg AFDM). Tdotrol for all effect size
calculations of a species was the low density speaific treatment. To create three
replicate net effect values for each comparisontameomly selected three control and
three treatment mean ratios¢{My) from the replicates and calculated a standaut.err
We compared the effects of treatment type on rietelvith a one-way ANOVA. If the
effect in the ANOVA was significant, we tested fagnificant differences among
treatments with individual contrasts within speci®ge used an alpha value of 0.05 to

confer significance and did not use dead snaigstatistical analysis.

Field Surveys

We examined biomass ®f humeralis from a population coexisting with.
antipodarum in the Vista reach to determine if growth resiéitsn our experiment were
concordant with those of existing populations. dileded samples taken during the field
surveys into categories matching those from theitieand species proportions of the
field experiment when possible. The semelpardadistory ofV. humeralis allowed us
to use mean individual biomass from a sampling easrthe mean individual biomass of
the population on that sampling date. We seleotedlong-standiny. humeralis
population that had been present in the Vista réarcht least six years from prior
surveys (1998-2006) and had contaifedntipodarum this entire time.

TheV. humeralis population was sampled monthly during the secoedknof

each month from May through November of 2008 ang Maough August of 2009.
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Sampling months reflected the active period ofythar for gastropods in the region when
they can be found most readily (Cleland 1954; Heyst990; Lysne 2003; Lysne and
Koetsier 2006b). We established a fixed transeétgdril which ran perpendicular to
shore (perpendicular transect) through the gredtastity ofV. humeralisin the
population. We marked the fixed transect on shwotie rebar and revisited each month
thereafter as the reference starting point for disgp We began sampling each month
by sampling along the perpendicular transect e2erymoving out from the rebar and
ceased wheN. humeralis density decreased by 75% from the highest sangpisity.
We placed another transect parallel to shore (lghtensect) through the greatest
density ofV. humeralis found while sampling along the perpendicular teahs We
collected samples outward every 5 m along the [ghtedhnsect beginning at the
intersection with the perpendicular transect. \Wased sampling along the parallel
transect in both directions as described above.

We collected samples with a 0.25 piot, Venturi suction dredge, and SCUBA
certified diver. We transported samples to théaserin flexible piping and passed
through a 1 mm sieve bucket to remove sand and\Aié separated al. humeralis and
measured them from the anterior end of the shatissdo the apex to the nearest 0.01
mm with digital calipers. We convert& humeralis shell length to biomass (mg
AFDM) as described previously. When samples waeoddrge to search entirely, we
thoroughly mixed contents and sub-sampled 50%.cuvsidered samples devoid\af

humeralis andP. antipodarum after 30 min. of searching and we returned allgam
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contents to the plot where they were collected afteasurements were taken. We
counted abundance of other gastropod species prsemg 2009 sampling.

We compared mean individudl humeralis biomass (size) from sample plots
among categories matching the growth experimert avibne-way ANOVA in both years
separately. If the effect in the ANOVAs was sigraht, we tested for significant
differences among treatments with individual cost8anatching those of the field
growth experiment (low density intraspecific congzhto all other treatments). We used
an alpha value of 0.1 to confer significance wité tield survey data to balance error
types and avoid being overly restrictive. We laapsformed biomass to meet
assumptions of normality in 2008 and 2009.

All measures of variability listed in parentheses @ene standard error. We made
no corrections for multiple independent contrast®wing significant ANOVA effects
because all contrasts were planned in the desigmreadxperiments (Keppel and Wickens

2004). We performed all statistical procedureSAS (9.3).

Results

Field Experiment

Mortality and relative growth varied significanynong treatments (Wilks’
Lambda = 0.08, {3 34= 4.62, p < 0.0001). Relative growthy = 3.14, p = 0.02) and
mortality (Fy 1= 8.21, p < 0.0001) were affected by treatmérdalvata humeralis growth
was significantly greater in treatments contaifh@umeralis andP. antipodarum at

400/nteach (total gastropod density 806/nvhen compared to growth bf humeralis
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alone at 400/Mm(Fy 1s= 7.52, p = 0.01). The increased growti/ohumeralis with P.
antipodarum disappeared at higher gastropod densities (Fiydde Mortality ofV.
humeraliswas greatest in the low density intraspecific treait and was marginally
significantly different from mortality in the mediudensity intraspecific treatment;(fs
=3.73, p = 0.07) (Figure 4.1).

Although not statistically significanB. antipodarum growth decreased as
gastropod density increased in interspecific treatis with the exception of the high
density V+2P treatment where growth matched thedewsity (Figure 4.2). Mortality of
P. antipodarum was generally low and significantly higher in thedium density
combined species treatment than the low densitgspecific treatment (Fs= 6.76,
0.02) (Figure 4.2).

Net effects varied significantly among intraspexcdnd interspecific treatments
for bothV. humeralis andP. antipodarum (Fs 1,= 4.98, p = 0.01) (Figure 4.3). The
interspecific net effect d®. antipodarumon V. humeralis was positive and significantly
larger in the medium density than the high dertsggtment (E12,=5.77, p = 0.03). The
net effect ofV. humeralis on itself at 800/rhwas slightly positive and significantly
smaller than the positive interspecific net efi@cP. antipodarumon'V. humeralis at the
same density (F,= 4.66, p = 0.05). The net effect®fantipodarum on itself was
negative at 800/fmand not significantly different from the effects\ humeralis onP.

antipodarum at 800/m (F1.12= 3.74, p = 0.08) or 1200/n(F; 1,= 0.18, p = 0.68).
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Field Surveys

We collected 55 samples in 2008 and 46 sampl2808 from theV. humeralis
population. August was the only month during bgghrs of sampling in which the
densities and proportions ¥f humeralis andP. antipodarum matched those from our
growth experiment. Eleven samples from 2008 aghtesamples from 2009 were used
in the comparisons with the field experiment.

We split samples from August 2008 into four categgand samples from August
2009 into three categories (Table 4.2). In 2008 measured the shell lengths of 280
humeralis. Treatment category was a significant predict@ize (i 177= 2.23; p =
0.09). Matching our growth experiment, méarumeralis size in the V+P treatment
was greater than those in the VV and VVV treatmatiteough independent contrasts
were not made because they were not planned. &wgrttr our growth experiment, mean
size in samples matching the V (n = 10) treatmeas significantly greater than mean
size in samples matching the VV (n = 28) {f= 6.24, p = 0.01), V+P (n = 87) {[77=
4.56, p = 0.03), and VVV (n = 55) {l77= 5.42, p = 0.02) treatments (Figure 4.4). In
2009, we measured the shell lengths of Z28umeralis. Treatment category was a
significant predictor oV. humeralis size (B 221= 2.31; p = 0.10). Mean size in samples
matching the V treatment (n = 47) were not sigatfity different from mean size in
samples matching the V+P treatment (n = 1534 0.13, p = 0.72), but were
significantly greater than the mean size in thedodensity other category (n = 23) (b1
=2.71, p = 0.10) suggesting a benefit from theeddd antipodarum similar to our

growth experiment (Figure 4.4).
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Other species found M. humeralis population samples in 2009 includéd
parvus, Lymnaidae sp.,P. gyrina, Sagnicola sp.,V. utahensis, andV. effusa. Species
other tharV. humeralis andP. antipodarum were found at densities of < 4Fin fewer
than 25% of the samples with the exceptioGoparvus which was found at densities as

high as 568/

Discussion

Our results provide evidence that interactions agnuative and invasive species
can change in intensity and direction along invaghenefactor) density gradients
facilitating the native (beneficiary). In our griwexperimenty. humeralis exhibited
increased growth in interspecific medium densigatments withP. antipodarum
compared to growth in low density intraspecifiatraents. The facilitative effect &f
antipodarumon V. humeralis growth was not apparent in the high density imecsic
treatment suggesting that the facilitation wasdlyerelated to the medium density f
antipodarum. The net effect calculations mirrored these tessilowing an increase in
the net effect oP. antipodarum onV. humeralis size when compared with the low
density intraspecific treatment and high densitgrispecific treatment. In contrast\o
humeralis, P. antipodarum experienced decreased growth with increasing tdeimsthe
interspecific treatments but not intraspecific tneants. Intraspecific net effects f
antipodarum were slightly greater than interspecific effedtth@ medium density
suggesting that intraspecific competition may beatgr than interspecific competition

with V. humeralis.
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Field surveys oV. humeralis size supported our experimental results on some
levels but not others. Similar to our field expeent results, size in the medium
interspecific treatment (hereafter referred toaadlitation treatment) in 2008 was larger
than the medium density intraspecific or high dgnsitraspecific treatment although not
statistically significant. Surveys in 2009 alsotaimed our growth experiment in that
humeralis size in samples that matched the facilitationtinest was greater than size in
the low density other category suggesting a betwefite presence of added
antipodarum. Yet, size in samples matching the low densityaspecificV. humeralis
treatment were either greater (2008) or the sa®@9(2as size in samples matching our
facilitation treatment. Sample sizes for the lamsity intraspecific treatment were low
in 2008 and may not provide a robust estimateldServey results from both years
indicate that the interaction betwedérhumeralis andP. antipodarum is influenced by
other factors in a field setting such as abiotiedibons and neighboring species.

A number of factors may have contributed to théed#hces we saw in our field
experiment and field survey data. The quantitjoofl was standardized in our
experiment, but likely fluctuated in the field se¢f Difference in the abundance and
nutritional quality of food among plots could haz@ntributed to the muted facilitative
effect of P. antipodarum onV. humeralisin the field survey. In addition, other gastropod
species were present in the field surveys creatioge complex community interactions.
Most notably,G. parvus densities were greater at times than our targstisp,V.
humeralis andP. antipodarum. The influence o6. parvus on our target species growth

is not known, but likely affected our results. thasmortality in the low density
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intraspecificV. humeralis treatment was higher than in other treatmentsnaag have
contributed to the decreased growth in this treatralthough no deceased gastropods
were used in growth calculations.

Our research supports the hypothesis that sonteeofdriation in the impact &f.
antipodarum on native species among geographic locations maxplained by
interaction changes along invader density gradiehtse ability ofP. antipodarum to
reach extremely high densities suggests they woatpete with native
macroinvertebrates for habitat and food; howeveor pesearch withP. antipodarum has
demonstrated mixed respons&atamopyrgus antipodarum have been found to
dominate native macroinvertebrate assemblages strélia (Quinn et al. 1998);
however, wherP. antipodarum densities were manipulated over brief temporaétim
scales (6 days) in previously invaded Australiaaasns, higher densities Bf
antipodarum were positively correlated with native macroinebriate diversity
(Schreiber et al. 2002). In a nearly opposite @uie,P. antipodarum densities where
found to negatively affect macroinvertebrate catation rates in the Greater
Yellowstone Ecosystem (GYE) (Kerans et al. 2008}; hater surveys revealed broad-
scale reductions in density of previously high dgrnsopulations (B. Kerans and R.
Richards, unpublished). Mixed results from pregioesearch exploring the impactFof
antipodarum on native macroinvertebrates could have resultad Shifting interactions
that promote coexistence at some invader dens$itiesot others.

Our results agree with previous experiments inthgahatP. antipodarum can

facilitate other gastropod species as well as biéteded by them under different
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conditions potentially affecting invader impactorfexampleP. antipodarum presence
was found to increase the fecundity of anotherdimg snail, Physella acuta, when both
snails were kept at equal densities (Cope and Wioten 2004) suggestive of
reproductive facilitation. In an opposite outcorRédey and colleagues (2008) found that
P. antipodarum growth was facilitated by the preser®ggulopsis robusta potentially
acceleratingP. antipodarum impact in some settings. Our experimental reshltsved
that growth of the nativ¥. humeralis was facilitated byP. antipodarumwhen densities
of the invader were moderate. While our field syrvesults were slightly different, they
still indicated that the addition &f. antipodarum in plots did not decrease growth\af
humeralisindicating a lack of or low levels of competitio@ombined, our experiment
and field survey results show invader impact chaggion-linearly with invader density
and illustrate a mechanism of varied invader impaobng locations and native species.

The mechanism d®. antipodarun’'s facilitative effect oriv. humeralis growth
and the reason why it was density specific is uager Previous research with
gastropods has provided evidence of facilitatiommagnspecies at varying densities
(Brown 1982; Hershey 1990; Cope and Winterbourrd2®iley et al. 2008) with
coprophagy frequently proposed as a potential nmestma(Schreiber et al. 2002). There
is ample evidence that invertebrate herbivoresmenease the quality of food around
them by grazingHunter and Russell-Hunter 1983; Ruess and McNaungh®84;
Hillebrand et al. 2000; Liess and Hillebrand 20D&ss and Kahlert 2007). Freshwater
benthic grazers can increase epilithon nutrienteadrvia excretion creating higher

quality in areas where they graze (Hillebrand amadil&rt 2001; Hillebrand et al. 2004;
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Evans-White and Lamberti 2005). Schreiber anceagilies (2002) hypothesized that
nutrients excreted bly. antipodarum provided food for other macroinvertebrates thereby
increasing habitat suitability and increasing raspecies diversity. The benefit of
increased food quality fromA. antipodarum could be outweighed by increased
competition as density &f. antipodarum increases potentially explaining why the
facilitative effect ofP. antipodarum onV. humeralis growth in our experiment was not
apparent at higher densities. In other words, @iitige interactions at higher densities
may have dampened the facilitation seen at medeimsities making it undetectable.

The implications of interactions shifting along ticagradients are potentially
substantial for invasive molluscan species. Inicedl competitors are suggested as a
driving force of extinction among global nativedhsvater molluscs (Lydeard et al.
2004). In North America, the persistence of nathaluscan fauna has been threatened
by the introductions of the Zebra musBe&issena polymorpha, the Quagga mussel
Dreissena rostriformis bugensis, the Faucet snaBithynia tentaculata (Jokinen 1992;
Harman 2000), the Island apple siRomacea insularum, in addition toP. antipodarum
(Lysne and Koetsier 2008; Riley et al. 2008). ddtrced competitors may impact native
Molluscan fauna through habitat alteration (Tuck@®4), competition for food and space
(Murray et al. 1998; Baker and Levinton 2003; Hayaeal. 2005; Kerans et al. 2005;
Hall et al. 2006), and resource depletion (Holla883; Nichols and Hopkins 1993;
Caraco et al. 1997; Hall et al. 2003). Yet manggjions remain regarding behavioral
interactions that could affect the outcome of thaseractions. Our results support the

hypothesis that biotic and abiotic gradients maat¥ unexpected population level
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impacts between native and invasive species (Dd€IBRpotentially favoring native
species.

Benefactor and beneficiary interactions that sildhg biotic density gradients
may also have widespread and potentially substant@ications for community
dynamics. It has been increasingly acknowledgatghifting interactions can affect
community structure and promote species coexistéigeler et al. 2001; Peacor and
Werner 2004; Gross 2008). Modeling efforts sugfestresource competitors can
coexist in stable multi-species assemblages whetiepinteractions shift from
predominantly competitive to facilitative alongteess gradient even when the net
interaction remains negative (Gross 2008). Thaititve species, or benefactor, may
even create new interaction webs that indirectigcfother species within the
community (Hacker and Gaines 1997). Indeed, re@s®arch with freshwater bivalves
suggests that species interactions may shift &tehigbundances altering biodiversity
affects (Allen and Vaughn 2011). If interactionfshcan occur along biotic gradients of
species composition, shifting interactions may helmmore common and influential in
determining community structure than previousl|yutiat.

Past studies of shifting interactions between kastef and beneficiary species
have focused on abiotic drivers, but biotic grathenay be as important in structuring
communities. We found the net effects betweemuaasive and native species shifted
positively with increasing density of the invasfe@oring the native’s growth. Our
research highlights the importance of consideriogddensity gradients as drivers of

species interaction shifts. Further, our reseahdws that non-linearity of interaction
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coefficients has the ability to affect invasive aradive species interactions influencing
the ecological impacts of invasive species. Funtegearch is needed to explore

mechanisms of biotic density gradients.
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Table 4.1. Treatments for examining effects ofsityron growth
of V. humeralis andP. antipodarum in field growth experiment.
Controls are represented by V' and ‘P’ treatmaitse.

Density treatments

400/nf 800/nf  1200/nf

Intraspecific effects

Valvata humeralis \Y, \A% -
Potamopyrgus antipodarum P PP -

Interspecific effects

V. humeralis + P. antipodarum V+P V+PP
P. antipodarum+ V. humeralis P+V P+VV




Table 4.2.—Sample splitting from August of 2008 2009 field surveys. Categories were designedatzimthe density and proportion of
species from treatments in the field growth experitn No. indicates sample number. Target deasitytarget proportion describe sample
splitting criteria. Species densities list actuaiber of each species and total density of bathiep per i Sample number (n) indicates

number of shells measured in a sample and usethlgsis of variance (ANOVA). Samples numbers istetl had < 2. humeralis/m?’.

2008
Field exp. Target
No. Category density Target density proportion V. humeraligm? P. antipodarumym®  Total/nf % V. humeralis n
5 \% 400/nt < 500/ 1011 276 32 308 0.90 4
9 \% 438 54 492 0.89 6
> 500 and <
7 VvV 800/nt 1000/nt 10:11+1 848 0 848 1.00 16
10 vV 656 0 656 1.00 12
1 V+P 50:50+10 328 172 500 0.66 82
11 V+P 320 152 472 0.68 5
2 ‘A% 1200/nf > 1000/M 10:1+1 1280 16 1296 0.99 20 ©
3 VVV 992 32 1024 0.97 1o
4 VVV 1120 48 1168 0.96 1y
2009
3 \Y 400/nf < 500/mM 10:1+1 227 26 253 0.90 47
> 500 and <
4 V+P 800/ 1000/nt 50:50 + 10 344 216 560 0.61 84
5 V+P 126 192 318 0.40 26
7 V+P 184 216 400 0.46 33
8 V+P 88 128 216 0.41 10
> 20 and <
2 Low other na 150/nf na 60 61 121 0.50 15
6 Low other 12 120 132 0.09 3
9 Low other 40 64 104 0.38 5
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Figure 4.1.—Valvata humeralis individual growth response (panel A) and mortalfignel B) in
the five field experiment treatments. Filled c@xlrepresent intraspecific treatments and open
circles represent interspecific treatments. Tlaxis-indicates total gastropod densities of low
(400/nf), medium (800/rf), and high (1200/R). The y-axis indicates mean growth response in
((mg/mg)/individual)/day. Lines represent indepemidcontrasts with significance indicated in
the legend. Error bars represent one stand error.
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Figure 4.2.—Potamopyrgus antipodarum individual growth response (panel A) and mortaffignel
B) in the five field experiment treatments. Filleidcles represent intraspecific treatments andope
circles represent interspecific treatments. Tlaxis-indicates total gastropod densities of low
(400/nf), medium (800/rf), and high (1200/A). The y-axis indicates mean growth response in
((mg/mg)/individual)/day. Lines represent indepemidcontrasts with significance indicated in the
legend. Error bars represent one stand error.
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Abstract

In species that interact through both competitioa facilitation, net interaction
strength can change from negative to positive aligtic or biotic gradients as the
dominance of competition and facilitation chanyée explored competition and
facilitation between the aquatic gastropd®@bvata humeralis (a native) and
Potamopyrgus antipodarum (an invasive). To assess potential nutrient itatibn, we
measured C:N and C:P ratios\bfhumeralis andP. antipodarum body content,
excretion, egestion, and field epilithon. To assasnpetition, we measured the effects
of intraspecific and interspecific density and faailability onV. humeralis growth and
mortality with a laboratory growth experimerRotamopyrgus antipodarum juveniles
had a lower ratio of body C:P th&nantipodarum adults and both ages @f humeralis
indicating thatP. antipodarum juveniles have a higher phosphorus demand. Waatid
detect a difference between phosphorus excretidregastion rates &. antipodarum
andV. humeralis indicating that facilitation by nutrient enhancerhe/as unlikely. In the
laboratory growth experiment, relative growthvothumeralis during week one
decreased with increasing density regardless af ép@ntity indicating that interference
was the competitive mechanism. However, growtl.dfumeralis was increased in high
density interspecific treatments during the seamadk suggesting ontogeny influences
the interaction between species. We hypothesitethle facilitative effect of.
antipodarum onV. humeralis was caused by increased access to food and @okenti
access to food pre-conditioning Byantipodarum. Our results provide insight into how

interactions between native and invasive speciesbange with density and ontogeny.
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Introduction

Organisms may interact in multiple ways causingetfects of one species on
another to vary with changing conditions (Bronste994; Bruno et al. 2003). The
intensity and direction of the net interaction betw species may change as the strength
of individual interactions change along abiotidatic gradients. Net interaction
strength can change direction along gradients wf@mmental stress (Bertness and
Callaway 1994; Callaway and Walker 1997; Brooket @allaghan 1998; Kawai and
Tokeshi 2007; Brooker et al. 2008), biotic stre&snit et al. 2007; Smit et al. 2009; Graff
et al. 2007; Graff and Aguiar 2011), spatial s¢Blertness et al. 1999; Callaway et al.
2002), or through time (Tielborger and Kadmon 20&wai and Tokeshi 2007). The
mechanisms linked to each gradient differ but #reelated to a tradeoff between
different simultaneous interactions. In the casgpecies interactions that change along
biotic stress gradients related strictly to thesitgrof one species, the mechanisms are of
particular interest because they may have profanpdications for species coexistence.

Competition is undoubtedly the most studied inteoacbetween species (Connell
1983; Schoener 1983; Gurevitch 1992). In factldgically similar species that overlap
in resource use are often assumed to compete (NMfagand Levins 1967). Classic
competition theory suggests that biological intécars between competing species take
either a direct form (interference) or an indirigtn (exploitation) (Elton and Miller
1954). In interference, one species directly edefuthe other species from access to a
common resource (Elton and Miller 1954). In exigton, one species indirectly

prevents access to a common resource by consutang making it unavailable to other
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species (Elton and Miller 1954). While not mutyadkclusive, interference and
exploitation competition provide a framework fordemstanding how net interaction
strength can change with the addition of a posititeraction.

There is considerable empirical evidence suggestiaigfacilitation may play a
greater role in structuring net interactions theevpusly thought (Bertness and
Callaway 1994; Stachowicz 2001; Bruno et al. 20083.with competition, facilitation
can have direct and indirect forms, which are fezdly linked to enhancement of
resources by one species. For example, habitaineeiment occurs when habitat quality
for one species is increased directly by the prasehanother. This form of facilitation
has been commonly identified among sessile organgroh as plants (Went 1942) and
intertidal marine organisms (Bertness 1989; Bedmt®l. 1999; Kawai and Tokeshi
2004) where the presence of an additional speaiestly reduces exposure of
neighboring species to environmental stress. dsdlexamples, the positive effects of
stress reduction in high stress environments ogfwtie negative effects of resource
competition and thereby shift the net interacti@mnf negative to positive.

Facilitative interactions may also occur indiredtiyough food or nutrients
causing net species interactions to change. Fample, terrestrial herbivores may
facilitate one another by creating access to bgttality food through grazing or
browsing (Vesey-Fitzgerald 1960; Bell 1970; McNatogh1976). Herbivores may also
enhance resources by increasing food quality tHragichiometric facilitation (Evans-
White and Lamberti 2005; Hillebrand et al. 2000té¢tirand and Kahlert 2001;

Hillebrand et al. 2004; Hunter and Russell-Hun®@83; Liess and Hillebrand 2006;
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Liess and Kahlert 2007; Ruess and McNaughton 1984)en an animal consumes a
resource, it retains the nutrients needed for noditafunction and excretes or egests
excess (Elser and Urabe 1999). Thus, differentbsdy stoichiometry (specifically
carbon:nitrogen:phosphorus or C:N:P) among anifegding on the same food source
cause different rates of nutrient excretion andcstge (Elser and Urabe 1999; Evans-
White and Lamberti 2005). Nutrient enrichment ekpents simulating excretion and
egestion indicate that the nutrient content of foegburces can be increased through this
process (Cross et al. 2003: Liess and Hillebrarib@ading to changing net
interactions between organisms (Sommer 1992). &esavith aquatic grazers has
documented intraspecific facilitation where incezhdgensity of grazers decreased food
guantity, but increased per capita food qualitytsty the net interaction from negative to
positive along an increasing density gradient (Semib®92). In this example, the
indirect facilitation of increasing food quality tseeighs competition for resources and
thereby shifts the net interaction from negativeasitive.

We explored the net interaction between the aqgatitropod¥alvata humeralis
andPotamopyrgus antipodarum in a system where the former is native and therlad
invasive. The net effect &f. antipodarum onV. humeralis shifts from negative to
positive to negative along a gradient of increastngntipodarum density (Chapter 4).
We designed two experiments to explore the fatiliégaand competitive mechanisms of
their net interaction.

To explore the facilitative effect &f. antipodarum onV. humeralis, we

investigated the potential of indirect habitat emtraent because we assumed that direct
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habitat enhancement was an unlikely facilitativeehamism between mobile gastropods.
We measured the potential Bfantipodarum to enhance food quality f&f. humeralis
through nutrient recycling and or copraphagy (comstion egestion) by exploring the
body content of essential nutrients for both speagwell as excretion and egestion of
essential nutrients. We also measured the nuc@ntent of food sources in the field to
assess potential nutrient limitation. We hypothedithat body nutrient content would
differ between species creating different nutriegfuirements and th&t antipodarum
would excrete and or egest more nutrients that Wwaieng to V. humeralis creating the
potential for stoichiometric food facilitation.

In exploring competition, we assumed that interieeecompetition would be
more important than exploitation competition beeaaguatic gastropods have broad
diets and are known to participate in coprophagyp@z-Figueroa and Niell 1987;
Brendelberger 1997). In this manner, food mayhsnged in quality after consumption
but is still available as a food source and is tiexer made univalable to competitors
(Lopez-Figueroa and Niell 1987; Brendelberger 199K therefore tested for
interference competition by experimentally quamtifythe net effects d?. antipodarum
onV. humeralis along a gradient of gastropod density and spgemgsortion while
controlling food quantity on a per individual basiSontrolling food quantity per
individual allowed us to infer a direct behaviorgkeraction if differences in growth
occurred among treatments. We hypothesized thaf@nence competition would cause
V. humeralis growth to decrease linearly with increasing intessfic density but would

change non-linearly with increasing interspeci@nsity based on previous experiments.
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Methods

Stoichiometric Facilitation Experiment

We investigated stoichiometric food facilitatiorn the perspective of
potentially limiting nutrients. We measured C:Nla:P ratios o¥/. humeralis andP.
antipodarum body content to determine whether limiting nuttsediffer between species.
We determined juvenile and adult body nutrient eahseparately for both species,
because differences in nutrient excretion and egeaimong animals may be more
pronounced during different life stages (Elserle1896).

We sampled adul. humeralis andP. antipodarum from the Vista reach of the
Middle Snake River (Latitude 42°46’03”, Longitud&2r52’46”, RM 713) with a
Venturi suction dredge and S.C.U.B.A. certifiedats/in July and August of 2009. The
semelparous life cycle &f. humeralis allows a cohort to be followed through time and
segregates the juvenile and adult life stagesivibhehls sampled during any month are
typically within 1 mm of the same size because #&yfrom the same cohort (Gates,
unpublished). Thus, we sampled adult and juvehileumeralis during the months when
they were present in the population (adults in dulgf juveniles in August). We sampled
P. antipodarum during July and August because they are iterogaand both juveniles
and adults were present both months. We collddtgagdult individuals of a specie¥/(
humeralis > 2 mm andP. antipodarum > 3 mm), and fifty juveniles of a speciéé (
humeralis < 2 mm andP. antipodarum < 3 mm) and measured them to the nearest 0.01
mm with a digital micrometer. We stored snailsa returned them to the lab, wet-

weighed them, de-shelled them, and froze them furtther processing (Evans-White et
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al. 2005; Liess and Hillebrand 2005). We used @dskmples to obtain enough material
for elemental analysis (seven samples per spectage group of 1.0- 1.5 mg/sample)
(Evans-White et al. 2005). We freeze-dried poaleail tissue, weighed it, and ground it
to a fine powder with mortar and pestle. We aradlygubsamples for C and N in a CHN
elemental analyzer and for total P (TDP) usingabeorbic acid method according to
Rosemond (1993).

We measured the excretion and egestion rates afangnts that were
significantly different between species in an addal experiment. Excretion and
egestion were only measured on juveniles of bo#itisg because juveniles were used in
the prior experimentWe sampled/. humeralis andP. antipodarum from the Vista reach
with a Venturi suction dredge and S.C.U.B.A. cextfdivers in August of 2010. We
collected fifty juvenile individuals of a speciegsgasured them to the nearest 0.01 mm
with a digital micrometer, and randomly pooled thiemo 5 replicates of 10 individuals
per replicate. We placed pooled samples in 50iat villed with river water filtered
through glass-fiber filters to remove nutrient atbsag particles (Vanni et al. 2002).

Vials contained a 1mm screen near the bottom tovaieces through and prevent
coprophagy during the experiment (Whiles et al. D00V e used five control samples to
determine ambient N and P levels with filtered riwater and no gastropods.

We synchronized the start of the egestion and érarexperiment among
replicates. We held samples at river temperatn@ hours in a dark cooler after which
we filtered contents through pre-combusted gldssrfiilters to separate feces (egestion)

and filtrate (excretion) (Vanni et al. 2002). Wersd filters, containing fecal samples,
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and filtrate separately in vials, placed them @ and immediately returned them to the
lab for processing (Vanni et al. 2002). We anallyercretion samples as described
above. We dried egestion samples (45 °C), weigiveah, and also analyzed them as
described above.

We measured C:N and C:P of epilithon samples filoafield to quantify nutrient
availability and the potential for resource limite. We randomly selected five stones
from theV. humeralis population source in the Vista reach of the SriRiker for
epilithon analysis during August of 2010. We riths¢ones to remove invertebrates and
scrubbed them with a nylon brush in pre-filteragkriwater until bare. We passed
dislodged material through a pre-combusted gl&e&s filter. We wrapped filters in tin
foil, placed them on ice, and immediately returtieem to the lab for processing. We
analyzed filter subsamples for C and N in a CHNnglletal analyzer and for total P (TP)
as described above.

Total C, N, and P o¥. humeralis andP. antipodarum tissue, epilithon, and
laboratory Spirulina are reported as percentagesyomasses and elemental ratios as
molar ratios (C:N and C:P). We calculated massifipexcretion and egestion rates as
the change in nutrient per unit time divided by wet-mass of individuals (ug/mg wet-
mass/hour) (Vanni et al. 2002). We obtained wes$siigy establishing a length to wet-

mass regression f&f. humeralis andP. antipodarum (Appendix B).

Interference Competition Experiment

We assessed the effects of intraspecific and ppegerc density and food

availability onV. humeralis growth and mortality with a treatment/control @ment
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series experiment modified from Underwood (19971 @ope and Winterbourn (2004).
Treatments consisted of different species propastet three densities (low (3
snails/cage or 400 snails snail§rmedium (6 snails/cage or 800 snail§/mand high
(12 snails/cage or 1600 snail$finhereafter referred to as density treatmentapl@
5.1). We selected densities to match field desssitiom prior surveys (Chapter 3) as
well as prior field experiments (Chapter 4). Wadwocted the experiment over 21 days
from September 4-25, 2010 in the Aquatic Scienadsotatory at Montana State
University. We designed the length of the expentite be long enough to capture
growth potential, but short enough to avoid repaticun byP. antipodarum (Tibbets et
al. 2009).

We conducted the experiment in completely encldsed storage containers (6
X 6 X 6 cm). We aerated water within treatmentshwadividual air stones controlled by
a MEDO® LA-45B air pump. We held containers invang stream water bath of 20° C
+ 2 to maintain constant temperature among altireats. We monitored water
temperature with HOBO Pro little v2® water temparatdata loggers. We replaced
water within treatment containers and cleaned @oeits after 7 and 14 days to prevent
biofilm growth. We kept light within the laboragoon a 12:12 hr light:dark regime.

We sampled/. humeralistwo weeks prior to the start of the experiment fritve
Vista reach and held them in laboratory aquariee SAmpled juvenil®. antipodarum
from a laboratory maintained Madison River, MT plapion because juveniles were not

present in the Middle Snake River Vista reach attifme ofV. humeralis sampling. We
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fed all gastropods grourfgirulina platensis (hereafter referred to as Spirulina) from The
Vitamin Shoppe® while in holding tanks prior to teeperiment (Krist and Lively 1998).

We measured individual shell lengths to the ne&&dt mm with a digital
micrometer on day 0 and then randomly assignedichakls to treatmentswWe removed
individuals from treatment containers on day 7,dt 21 to measure shell length with
an ocular micrometer. We recorded any dead indalsland removed them from
containers without replacement. We did not maduiiduals, thus we used a randomly
selected group of three individuals of each speaniesch treatment to calculate biomass
forday O, 7, 14, and 21. We converted shell leag ash free dry mass (AFDM) with
an established length to mass equatiorPf@ntipodarum (Hall et al. 2006). We
developed our own length to mass equation/fdiumeralis (Benke et al. 1999). The
regression foW. humeralis was mass = 0.0868{**’where mass is measured in mg
(AFDM) and length (L) is measured in mm (n = 52510.72). OuV. humeralis mass
includes shell mass unlike the established lengthadss equation fdt. antipodarum,
thus we relativized biomass measurements by iit@hass and did not make
comparisons between species. We calculated gnatgh for individual weeks and for
the entire experiment (comparing initial biomaséinial biomass) in
((mg/mg)/individual)/day as:

((M¢ - Mp)/Mo) /n
t

Where M is total gastropod biomass at the end of the pddime period (mg AFDM),

Mo is the total initial gastropod biomass from thmeaspecified time period (mg
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AFDM), n is the number of individuals in the treamt, and is the duration of the
specified time period within the experiment (days).

We controlled food quantity to provide two levels23 mg of food/snail in the
low food quantity treatment and 0.46 mg food/simathe high food quantity treatment
(Krist et al. 2004; Tibbets et al. 2009). Thesarities of food were used to test for
differences in the intra- and interspecific intéi@as under unlimited and limited food
defined earlier work withi. antipodarum (Krist et al. 2004; Tibbets et al. 2009). We
added food to treatment containers every otheratiashich time we turned off the air
stone system for 4 hrs to allow the food to set@@mbining the five density treatments
levels (Table 5.1) and two food treatment leveéated 10 total treatments. We adjusted
food level in each treatment container every salays to reflect mortalities because
food was provided on a per individual basis. W#icated treatments four times. To
make comparison between food used in the laboraxpgriment and field food sources,
we measured C:N and C:P of the Spirulina used pegment. Spirulina C, N, and P

were quantified as described above.

Statistical Analysis

We used a two-way (species and age) ANOVA to comtiee C:N and C:P body
content separately &f. humeralis andP. antipodarum. If the effects in the ANOVA
were significant, we made all pair-wise comparisaith a Tukey correction. If there
were significant differences in body nutrient cariteetween species, we used two-
sample t-tests to compare excretion and egestten od the nutrients between species.

All measures of variability listed in parentheses @ne standard error. Unless otherwise
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mentioned, we made no corrections for independamirasts following significant
ANOVA effects because all contrasts were plannatiendesign of the experiments
(Keppel and Wickens 2004).

In the laboratory growth experiment, we used a wey-(density treatment and
food level) multiple analysis of variance (MANOVA) investigate differences in final
relative biomass and mortality among treatments theeentire length of the experiment
(hereafter referred to as total relative biomaskranrtality). If the MANOVA was
significant, we used individual two-way analysevafiance (ANOVAS) for growth and
mortality with density and food to explore indepenteffects of treatment type. If the
effects in the ANOVAs were significant, we tested $ignificant differences among
treatments with independent contrasts based omxqarimental design. Within food
levels, the low density intraspecific treatment waspared to the medium density
intraspecific, medium density interspecific, higndity intraspecific, and high density
interspecific treatments. We arcsine square raostormed percent mortality to meet
assumptions of normality. Biomass values and waganet assumptions of normality.

To explore the effects of density treatment andifievel onV. humeralis growth
over time, we used a two-way (density treatmentfand level) repeated-measures
MANOVA (profile analysis). In our MANOVA, densitireatment and food level were
the main between subjects factors and time wamtie within subject factor (Von Ende
2001). Profile analysis analyzes the patterresponse of the within-subject factor and
tests for three hypotheses of differences amomgnrents in parallelism (within subject

interaction effects), flatness (within subject meifect), and levels (between subjects
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main effects) (Von Ende 2001). If the flatness padhllelism hypotheses are rejected,
tests of the levels hypotheses are not reported Bfwe 2001). The significance of the
MANOVA was determined by the significance of thehian subject effects of time
(flatness hypothesis, indicated whether growth oecliover time), the time x density
treatment interaction (parallelism hypothesis, ¢ated whether growth varied by density
treatment over time), and the time x food levediattion (parallelism hypothesis,
indicated whether growth varied by food level otrere) all reported as Wilks’ Lambdas
(Von Ende 2001). If the MANOVA was significant, weed individual one-way
ANOVAs for each seven day interval (0-7, 8-14, 15-® explore independent effects of
the density treatment and food level on growth waitBonferroni corrected alpha €
0.02) (Von Ende 2001). If the effects in the ANO&/#ere significant, we tested for
significant differences in growth among treatmewith independent contrasts based on
our experimental design. We made independent @ststonly within weeks. Biomass
values and variance met assumptions of normality.

We used changes in snail tissue biomass to cadcnédteffect sizes. We
calculated effect size as the natural log of thie i@ treatment to control biomass change
(Gurevitch and Hedges 2001; Kawai and Tokeshi 2687)

Net effect = In(M/M,)

Where M is total gastropod biomass at the end of the éxgeit (mg AFDM)
and M is the total initial gastropod biomass (mg AFDMhe control for alV.
humeralis effect size calculations was the low density ispecific treatment. We

calculated a subset of three net effects for e@eirhent-control comparison by
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randomly selecting a control and treatment aftéoffeebiomass from the replicates and
used this to calculate standard errors. We exgldigerences in the net effects among
treatments with a one-way ANOVA. We did not udatree growth ofP. antipodarum
in any analyses but it is reported. We did notdeszd snails in statistical analyses.
Unless otherwise mentioned, we used an alpha wdl0€5 to confer significance and

performed all statistical procedures in SAS (9.3).

Results

Stoichiometric Facilitation Experiment

Valvata humeralis andPotamopyr gus antipodarum P body content (C:P) varied
between species and ages = 5.39, p = 0.007) while N body content did notNL:
(Fs22=1.42, p = 0.26) (Figure 5.1). Species and ageealvere not significant predictors
of body P content (species 1= 0.55, p = 0.47, age ;= 3.24, p = 0.09), but the
species by age interaction was a significant ptedwf body P content ¢f;=12.1, p =
0.002). Potamopyrgus antipodarum juveniles had a lower body C:P th@nantipodarum
adults (Ff21= 14.68, p = 0.001). humeralis juveniles (k4= 7.91, p = 0.01), and
marginallyV. humeralis adults (fr24= 3.4, p = 0.08) (Figure 5.4yalvata humeralis
adults had a lower C:P th& antipodarum adults (k4= 4.28, p = 0.05) (Figure 5.1).

Phosphorus excretion and egestion rates did nietr di€tweerP. antipodarum
andV. humeralis (excretion§ = 1.31, p = 0.23, egestiogt 0.66, p = 0.52) (Figure 5.2).
Epilithon samples contained 17.81% C (0.90), 1.36%0.08), and 0.26% P (0.02) (C:N

= 15.57 (0.40), C:P = 176.77 (10.23), C and N 0=PLn = 10).
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Interference Competition Experiment

Growth and mortality differed among density treatibsgWilks’ Lambda = 0.30,
Fsss=5.89, p < 0.0001), but we did not detect anyedéhces in growth and mortality
between food levels (Wilks’ Lambda = 0.95,,6= 0.81, p = 0.46) or the interaction
between density treatment and food level (Wilksnbala = 0.74, §ss= 1.2, p = 0.31).
Total relative growth was affected by the densi@atment decreasing with increasing
density (R 30= 15.22, p < 0.0001), but not by food leve] ¢f= 1.58, p = 0.22), or the
interaction (kg 30= 0.65, p = 0.63) (Figure 5.3). Mortality was adfected by density
treatment (k30= 0.54, p = 0.70), food level {ky= 0.20, p = 0.67), or the interaction
(Fa30=1.77, p = 0.16). Total relative growth\éfhumeralis was significantly greater in
the low density intraspecific treatment than alless (Figure 5.3)Total relative growth
of P. antipodarumwas 0.29 (0.08) ((mg/mg)/individual)/day in thevifood medium
density interspecific treatment, 0.28 (0.05) ((mg)Amdividual)/day in the high food
medium density interspecific treatment, 0.20 (0.@8)g/mg)/individual)/day in the low
food high density interspecific treatment, and Q@.81) ((mg/mg)/individual)/day in the
high food high density interspecific treatment.

In the repeated-measures analygidjumeralis grew over time (Wilks’ Lambda
=0.03, R 25=269.73, p < 0.0001), density treatment affecteavth over time (Wilks’
Lambda = 0.34, £ 74.37= 3.10, p = 0.001), and food level affected groaaler time
(Wilks’ Lambda = 0.71, k2= 3.78, p = 0.02). There was not a significantiattion of
time, density treatment, and food level (Wilks’ Uagla = 0.75, . 7437~= 0.70, p = 0.74).

Within the three weeks of the experiment, the teffect was significant indicating that



126
V. humeralis grew every week (Table 5.2). The density treatmes a significant
predictor of growth in the first and third week tlmot the second. Food level was only
significant in week three and the interaction afisley treatment and food level was not
significant during any weekRelative growth o¥. humeralis from days 1-7 was
significantly larger in the low density intraspecifreatment than all others, but from
days 8-14 was marginally significantly larger tredinothers in the high density
interspecific treatment (Figure 5.4). Relativewgtio of V. humeralis from days 15-21
was generally greater in high food level treatmevith the highest growth occurring in
the low density, high food intraspecific treatm@figure 5.4).

Net effects varied significantly among treatmeniiha trend of decreasing
overall effects in high density interspecific traants (F16= 7.72, p = 0.0004) (Figure
5.5). Intraspecific and interspecific net effestsre more negative at the lower food level
within treatments. The lowest net effect occumethe medium density (800N
intraspecific high food treatment and the greatesteffect occurred in the high density
(1600/nf) low food intraspecific treatment.

Spirulina used in the laboratory experiment coradin2.54% C (1.80), 8.48% N
(0.38) (C:N =5.83 (0.02) (C and N n =5). Themitg of P within the Spirulina used in
our growth experiment was too high for our labonatmalibrations and was thus obtained

from the manufacturer (4.0% P and C:P = 27.31).

Discussion



127

Our results confirm that the intensity of a neenattion between species can
change in ways not predicted by community ecoldgpty due to changes in the
multiple interactions that make up the net. Togtdtive growth ol. humeralis
decreased with increasing gastropod density regssdif the per individual food
provided indicating that direct behavioral interaws were responsible for the decrease
in growth rate with increasing density (interferemompetition). Yet, contrary to what
would be predicted by theory, the intensity of cetitipn betweer/. humeralis andP.
antipodarum decreased with increasiity antipodarum density. Valvata humeralis
growth was increased in the high density interdgeteatments as compared to the high
density intraspecific treatment. We hypothesizg ¥h humeralis competed with, but
was also facilitated blp. antipodarum at this density changing the intensity of the net
interaction

Our results also provide insight into how net iattions between species can
change with ontogeny creating non-linear interaxgtiover time. Previous research with
V. humeralis andP. antipodarum found a net interaction shift from competition, to
facilitation, back to competition with increasingrsity ofP. antipodarum (Chapter 4).
While our current growth results do not directlytoiathese, we saw evidence of a
similar net interaction change through the coufsgauo experiment. Growth potential
was greatest from days 0-7 during which time grorates decreased linearly with
increasing total gastropod density regardless efisg combinations and food levels.
However, when growth potential decreased during @&¥4, there was a facilitative

effect of P. antipodarum onV. humeralis growth at the highest density. By days 15-21,
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growth potential equalized among treatments asaasts reached adult size and food
guantity became a significant predictor of growaterwith higher growth in high food
treatments. The importance of the facilitationt thecurred during the second week of
the experiment was confirmed in the total growsutes. Growth oV. humeralis was
greater in the high density interspecific treatntean the intraspecific treatment
although an independent contrast was not made bedawas not planned. The change
in net effect seen through time in our experimadtdates that the facilitation &
humeralis by P. antipodarum is related tov/. humeralis ontogeny and may only become
apparent once juveniles have begun decreasingwitiyr The difference in shifting
interactions seen between our laboratory experimedtprevious field experiments may
thus be related to the growth potentiaMohumeralis. While juveniles were used in both
experiments, it is likely that individuals varieligktly in age and growth potential among
experiments.

The facilitation ofV. humeralis growth in the presence Bf antipodarum may
have been caused by increased access to foodasectguality of food, or a combination
thereof. The high quality of Spirulina food usaedhe growth experiment suggests that
V. humeralis did not experience nutrient limited growth (N olirRitation), but it is
possible that the nutrients within the Spirulinae@vpackaged in a way that decreased
accessibility. The Spirulina food source usedunexperiment was a filamentous
cyanobacterium. While it has been commonly usealfasd source for gastropods in
laboratory settings (Krist and Lively 1998; Tibbetsal. 2009), the precise digestion

process is unknown. If nutrient packaging withie Spirulina limited access to
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nutrients, digestion bl. antipodarum could have made the nutrients more accessible,
and thus higher in quality far. humeralis. Coprophagy among gastropods is a viable
strategy for further acquisition of nutrients withHood that is not completely or
efficiently processed by one digestion (Brendelbed®97). It is also possible that
nutrient levels within the lab Spirulina were tagtn(Boersma and Elser 2006) and that
pre-digestion by,. antipodarum decreased the nutrient content to a more optinawei.|
In addition to potential changes in food qualitysad byP. antipodarum digestion,V.
humeralis may have also had greater access to the Spifelatathrough interference
behavior. Chemical cues releasedPogntipodarum may have also affected growth of
V. humeralis (Dillon 2000), although water within treatment cageas replaced every
seven days reducing the potentially impacts of cbancues.

The density and species proportions at which grafth humeraliswas
facilitated byP. antipodarum differed somewhat from previous research poteytiilie
to variation in abiotic conditions. A previouslfiegrowth experiment found the
facilitation of V. humeralis by P. antipodarum occurred at 800/frtotal gastropod density
and 1:1V. humeralis:P. antipodarum proportion while our current results found the
facilitation occurred at 1600/nand 1:3 proportion (Chapter 4). It is importanhbte
that cage sizes differed between experiments arlé tie density per area at which the
facilitation occurred differed in the lab and fietde actual number of gastropods in the
treatment where the facilitation occurred were Enbetween experiments (previous
experiment 6/. humeralis individuals and &. antipodarum individuals, current

experiment 3/. humeralis individuals and . antipodarum individuals). This suggests
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that the interaction may be cued more my numbandividual gastropods interacting
and less by small differences in the size of tlea déinat they interact within. The
differences we saw in density and proportion crggtine interaction shift may also be
related to other factors intertwined with the dgngradient. To examine the biotic
density gradient in the current growth experimerd,controlled for abiotic gradients by
conducting the experiment in a low abiotic strasgrenment. For example, the food
provided in the lab experiment was much highemmting nutrients than the epilithon in
the field and was continuously replenished redutiegpotential for nutrient or food
limited growth. The conditions in the laboratorgne also optimal for growth with very
small temperature swings from day to night andtligtels lower than that of direct
sunlight. A recent study investigating growthRofantipodarum found that foraging was
increased in low light treatments potentially cdmiting to increased growth (Liess and
Lange 2011) suggesting that the low light condgionour laboratory may have
increased growth rates in general. Decreasing@mwviental stress combined with
increasing food quality and continually renewingdajuantity in the current experiment
could have pushed the facilitative effect to a bigtlensity where competition was
greater.

Our results are in agreement with community ecolbggries of species
coexistence and resource overlap. Growth patfesnsour experiment indicate th¥t
humeralis may coexist withP. antipodarum because interspecific competition with the
invader is not as strong as intraspecific competiwith itself. Previous research wkh

antipodarum and native isopods in the Columbia River similddynd that interspecific
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competition withGnorimosphaeroma insulare was weaker than intraspecific competition
between native isopods suggesting a mechanismeaistence (Brenneis et al. 2010).
Additionally, our food level treatment became sfigaint in the last week of the study
when individual size had increased. Increasingl fguantity decreased the intra- and
interspecific competitive effects seen in the lasek of our experiment indicating that
competition was for space and food.

Results from our stoichiometric experiment suggiestP. antipodarum may
egest and excrete slightly more phosphorus Yhdmmeralis, but it is likely not enough
to be the sole facilitative mechanism in this aypous experiments. The Spirulina used
in our experiment contained enough phosphorudithdation for either species was
highly unlikely (Tibbets et al. 2009) although thecessibility of these nutrients within
the Spirulina is uncertain as is the potential ega® nutrients (Boersma and Elser 2006).
The C:P of epilithon from field samples was alseager than that thought to linkt
antipodarum growth and fecundity (176 compared to ~270) indrgathat phosphorus
limitation at our field site is not likely (Tibbets al. 2009). It is of interest thiat
antipodarum juveniles require more phosphorus (higher bodyexa) thanV. humeralis
juveniles suggesting th& antipodarum may become phosphorus limited as juveniles
beforeV. humeralis. As adults, the pattern was switched &htumeralis adults had
significantly higher demand for phosphorus tiRa@antipodarum adults as may be
expected for a rapidly growing invasive speciehwigh protein synthesis rates (Elser et
al. 1996). These results suggest thaintipodarum growth and population expansion

may be limited by juvenile growth in some locati@mstributing to varying impact.
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These results are consistent with a previous meésis suggesting that aquatic native
species may out-compete invasive species undenlrent condition where the
invader’s growth is limited (Gonzélez et al. 2010).

Our results confirm that the net effects of onecg®eon another can change in
intensity along biotic density gradients as a riesithanges in the interactions that sum
to create the net interaction. In the currentygtggecies interacted negatively through
interference competition and positively throughilfeated access the higher quantity
and/or quality of food. The intensity of intersp®ccompetition in our experiment
decreased as the density of the competitor incdgasientially becausé. humeralis was
able to physically defend areas where food seétatibenefit indirectly through
acquisition of food resources. While the interactthange occurred along a density
gradient, environmental conditions including foaitability and temperature affected
the densities at which the shift occurred as coeghéw previous work (Chapter 4).
These results are concordant with previous biotclignt research indicating that biotic
and abiotic interaction gradients can operate coantly (Irving and Bertness 2009;
Bulleri et al. 2011).

Our results have significant implication for themagement of invasive species
and the role of receiving native communities inithasion process. Competition with
the native community is already recognized as amnii@l influence during the invasion
process that may prevent progression of the inmagitmately influencing impact
(Bertness and Callaway 1994; Stachowicz 2001; RmceMorin 2004). Our results

suggest further that the impact of an invader emtdtive community may be a complex
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interplay between invader density, native specedgbior, and environmental conditions.
The weight of each of these components likely dsfiemong invasions sites creating

context specificity.

Table 5.1. Laboratory experiment treatments f@anexing the effects of density, species
composition, and food availability on growth andrtabty of V. humeralis. Letters
indicate treatment levels where V /3humeralis and P = 3. antipodarum.

Low Food High Food

Density Density
Intraspecific effects 400/nf  800/nf 1600/ 400/nf 800/nt  1600/nd
V. humeralis Y, V+V  V+3V Y, V+V  V+3V

Interspecific effects

V. humeralis + P. antipodarum V+P V + 3P V+P V + 3P
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Table 5.2.—Results from repeated measures two-walysis of variance (ANOVA) with
density and food level for days 0-7, 8-14, and 1%Pthe laboratory growth experiment.
Significance was assessed with a Bonferroni cagtect 0.02 and significant p-values are

italicized.

Days 0-7
Source DF ANOVASS Means Square F p
Time 1 4.97 4.97 293.05< 0.0001
Density x Time 4 0.23 0.06 3.33 0.02
Food x Time 1 0.02 0.02 1.06 0.31
Density*Food*Time 4 0.05 0.01 0.78 0.54
Error 30 0.51 0.02

Days 8-14
Source DF ANOVASS Means Square F p
Time 1 3.14 3.14 159.76< 0.0001
Density x Time 4 0.18 0.04 2.27 0.09
Food x Time 1 0.02 0.02 0.79 0.38
Density*Food*Time 4 0.02 0.01 0.2 0.94
Error 30 0.59 0.02

Days 15-21
Source DF ANOVASS Means Square F p
Time 1 1.08 1.08 96.73 < 0.0001
Density x Time 4 0.15 0.04 3.31 0.02
Food x Time 1 0.08 0.08 6.89 0.01
Density*Food*Time 4 0.07 0.02 1.59 0.2
Error 30 0.34 0.01
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bars) andP. antipodarum (open bars) body tissue. Those bars with the dettez do
not differ at thex = 0.05 significance level. Error bars indicate atandard error.
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CHAPTER SIX

CONCLUSIONS

The varying impacts of invasive species are not wederstood despite their
increasing prevalence (Strayer et al. 2006). Asindigenous species introductions
have become increasingly common (Sala et al. 200 and Lodge 2002; Leung et al.
2002; Marchetti et al. 2004) much research effag been devoted to understanding the
ecology of invasion fronts and the factors thaedeine the success of invasive species
and the impact they have on native communitiesr{Brt al. 2005). This research has
provided valuable information concerning the med$ras which facilitate invader
impact including invader release from predationddd et al. 2009; Romanuk et al.
2009), generalist feeding habits of invaders (Ramkaet al. 2009), and competitive
dominance of invaders over similar native spedd&(s 2000; Callaway and
Aschenhoug 2000; Bando 2006). However, when iovesiail to produce impact, the
mechanisms are frequently unclear.

Invasive species are often managed under the assmntipat all new
introductions represent similar levels of threat, ynany introductions do not
appreciably change the receiving community (Willsam 1996; Davis 2003) making the
ecological impact low. Additionally, species oftemly exhibit invasive behavior in
particular geographic locations (Kolar and Lodg@D0 Attempts to quantify variation
in invasive impact have highlighted the importantenderstanding the context of an

invasion in terms of the receiving community ane pnysical environment (Ricciardi
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2003; Ricciardi and Atkinson 2004; Ricciardi anch@€n 2007; Padilla 2010; Thomsen et
al. 2011) both of which may reduce impact allomragive species to coexist with an
invader. Understanding how the physical environnaea interactions with the native
community interact to influence the success oufaibf invasive species is vital for
understanding why invader impact can vary.

The goal of this dissertation was to explore witattgbuted to coexistence of the
invasive aquatic gastropoEotamopyrgus antipodarum, and the native aquatic
gastropodyalvata humeralis, in the Snake River, Idaho. Previous surveyscateid that
while competition was suspected (Lysne and Koe®)é8), populations of. humeralis
coexisted witHP. antipodarum throughout the year and from year to year in some
locations (Ryan Newman, Bureau of Reclamation,grexscommunication). |
investigated species coexistence mechanisms fn@soairce partitioning perspective
(Chapter 3), a changing interaction perspectiveafiidr 4), a mechanistic behavioral
perspective (Chapter 5), and a nutrient recycliegpective (stoichiometric) (Chapter 5).
| initially explored diet, spatial, and temporaki#oning by V. humeralis in populations
that were invaded bly. antipodarum and uninvaded within the Vista reach of the Middle
Snake River (Chapter 3). In the following chaptenplored the net intra- and
interspecific effects o¥. humeralis andP. antipodarum at varying densities and species
proportions in a field growth experiment and coneplathe results to field surveys
matching the growth experiment treatments (Chaptetastly, | explored the positive
and negative mechanisms of the intra- and inteiSp@&tteractions identified in the prior

chapter with a stoichiometric experiment desigreedientify facilitative mechanisms and
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a laboratory growth experiment designed to iderddynpetitive mechanisms. | describe
the findings of this research below and discussrtipdications of my results for invasive
species management and conservation of nativeespeci

Competition betweeN. humeralis andP. antipodarum may negatively affect
growth ofV. humeralisin field populations. The comparison of mean wdlial biomass
(hereafter referred to as size) betwd®ehumeralis populations that were invaded and
were not invaded indicated théthumeralis were consistently smaller and achieved a
smaller adult size prior to reproduction in invagegbulations although, gastropod
density and habitat heterogeneity may have al$oen€ed this outcome. Food resources
appeared to be shared between species ontogelyadicdliring different ages. Whan
humeralis were in uninvaded populations, the juveniles hadyher diatom gut content
than when they were found in populations invade®.gntipodarum indicating
potential diet partitioning. These results sugdfestV. humeralis andP. antipodarum
may compete for food and théthumeralis may shift diets in order to partition food
resources in the presenceRofantipodarum.

Spatial and temporal partitioning combined with itettstability likely
contributed tov. humeralis andP. antipodarum coexistence in the Vista reach. There
was evidence of spatial habitat partitioning betwéehumeralis andP. antipodarum at
the among populations scale (1-2 km), but not wigfopulation (10-20 m) or patch (1 m)
scales. The larger size df humeralis in uninvaded populations suggests that there may
have been a benefit to some level of populatiotedtabitat partitioning. In contradt,

humeralis were found more frequently at high densities Witlantipodarum at the within
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population and patch scale$his pattern was consistent from month to momith a
among populations suggesting there may be a beaeditaring habitat witP.
antipodarum at particular densities. While this pattern colobdve also been caused by
habitat heterogeneity, course habitat measurmegtgested that the physical conditions
among populations were similar.

Differing life history strategies created tempgualtitioning of reproductive
events betweeW. humeralis andP. antipodarum lessening competition during critical
growth periods.Differing reproductive strategies conferred an adage to the native
species because reproduction was aligned withigieflow and high productivity times
of the year while potentially inhibiting the invasi By extension, the dam controlled
hydrograph also likely promoted species coexistérycereating consistent high and low
flow seasons that removed and replaced habitah@maual basis. Together, these
results suggest that while competition withantipodarum may negatively affecy.
humeralis growth at the population scale, their interactiathim populations is more
complex.

Growth experiments indicated that the interactietwieenV. humeralis andP.
antipodarum changed unexpectedly with increasigantipodarum density. Valvata
humeralis exhibited increased growth in the interspecificdinen density treatment with
P. antipodarum (hereafter referred to as facilitation treatmeatnhpared to growth in the
low and high density intraspecific treatments. Thange in net effect strength created a
non-linear interaction between the species witheasing competitor density. The

facilitative effect ofP. antipodarumon V. humeralis growth was not apparent in the high
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density interspecific treatment suggesting thatféleditation was directly related to the
medium density oP. antipodarum. In contrast td/. humeralis, P. antipodarum
experienced decreased growth with increasing deimsthe interspecific treatments but
not intraspecific treatments. Intraspecific nééets ofP. antipodarum were slightly
greater than interspecific effects\afhumeralis onP. antipodarum at the medium
density suggesting that intraspecific competiticayrbe greater than interspecific
competition withV. humeralis.

Field surveys oV. humeralis size indicated that the non-linear interaction
betweenV. humeralis andP. antipodarum was likely influenced by more thé&h
antipodarum density in a field setting. Similar to the fiesperiment, field surveys in
2008 indicated that size in the facilitation treatrhwas larger than other treatments
although not statistically significant. Field sayg in 2009 also matched the field
experiment in tha¥. humeralis size in samples matching the facilitation treattvess
greater than in the lowest density treatmert, size in samples matching the low
density intraspecifi®/. humeralis treatment was either greater (2008) or the san@9(20
as that of the facilitation treatment implying avldensity growth advantage not seen in
the growth experiment.

A laboratory growth experiment confirmed that theensity of competition from
P. antipodarum onV. humeralis decreased with increasiigy antipodarum density due to
interference competition, yet the interaction aladed with ontogenyValvata
humeralis size decreased with increasing gastropod densitgglthe first portion of the

experiment regardless of increasing food quantitil mcreasing number of individuals
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indicating that direct behavioral interactions wezsponsible for the decrease in growth
rate. Over timeY. humeralis growth was increased in the high density interdjgec
treatments as compared to high density intraspetcdatments indicating that
humeralis may have benefited from increased acquisition oflfthrough interference
behavior withP. antipodarum. Food provided in the laboratory experiment wais/v
high in essential nutrients, nitrogen and phosphauggesting that the facilitation was
related solely to food quantity and not food enleament through nutrient recycling By
antipodarum. It is possible tha®. antipodarum processed the supplied food through
digestion making the nutrients more available feseeond consumption. Combined,
these results indicate that the interaction betwédimeralis andP. antipodarum is
influenced not only by density &% antipodarum, but also potentially by the behavior
and age oV. humeralis.

Differences in thé. antipodarum density at which growth &f. humeralis was
facilitated varied in the lab and field experimgnotentially due to differences in abiotic
conditions. In order to isolate the effects ofslgnand species composition on growth in
the lab, abiotic conditions were controlled fordmnducting the experiment in a low
abiotic stress environment (more consistent tentperand lower UV exposure).
Decreasing abiotic stress combined with increafing quality and continually
renewing food quantity may have pushed the fatiiteeffect to a higher gastropod
density where competition was greater.

These results together suggest that the coexistédritantipodarum andV.

humeralisin the Vista reach of the Snake River is aide@ lzpmbination of mechanisms
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including a behaviorally driven interaction thatolges non-linearly with density,
resource partitioning, and environmental variapilithe non-linear interaction between
species may explain why field results were suggesif competitive effects while
laboratory experiments indicated both positive aedative effects. At large spatial
scales where invader densities vary, competitiom#. antipodarum may negatively
affectV. humeralis growth, but diet and reproductive partitioning\ayhumeralis could
reduce competitive effects. Yet, when invader dmssare held at a moderate level,
behavior ofV. humeralis may enable better access to food resources orsatésod
pre-digested b¥2. antipodarum increasingv. humeralis growth. The positive growth
effects of acquiring more food in the presenc®.antipodarum are linked tov.
humeralis ontogenypP. antipodarum density, and potentially abiotic stress levels.
Positive growth effects d?. antipodarum onV. humeralis were seen at a high density of
the invader under low stress (laboratory) and aladensity of. antipodarum under
higher stress (field). These results suggestvidu@tion in the impact dP. antipodarum
on native species among geographic locations maabsed by behavioral responses of
the native community.

Interaction gradients, such as that documentekisirésearch, may create
unexpected population level impacts between nainkinvasive species (Dick 2008).
Introduced competitors are suggested as a drivrggfof extinction among global native
freshwater molluscs (Lydeard et al. 2004), yet mgugstions remain regarding
behavioral interactions that could affect the oatemf these interactions. In North

America, the persistence of native molluscan fawasbeen threatened by the
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introductions of the Zebra musdeteissena polymorpha, the Quagga mussBreissena
rostriformis bugensis, the Faucet snaBithynia tentaculata (Jokinen 1992; Harman
2000), the Island apple sn&bmacea insularum, in addition toP. antipodarum (Lysne
and Koetsier 2008; Riley et al. 2008). Introducethpetitors may impact native
Molluscan fauna through habitat alteration (Tuck@®4), competition for food and space
(Murray et al. 1998; Baker and Levinton 2003; Kerahal. 2005; Hall et al. 2006), and
resource depletion (Holland 1993; Nichols and Hopki993; Caraco et al. 1997; Hall et
al. 2003). The research presented in this digganmtauggests that native species may
also compensate for competitive effects of invadeis persist in some circumstances
aided by behavior and favorable environmental doorB. Future research efforts
should focus on identifying conditions under whdifierent assemblages of native
species are able to coexist with invasive species.

These results have significant implication for thenagement of invasive species
and the role of receiving native communities inigaiting invader impact invasion.
Competition with the native community is alreadgagnized as a potential influence
during the invasion process that may prevent pssgoa of the invasion ultimately
influencing impact (Bertness and Callaway 1994c&davicz 2001; Price and Morin
2004). These results suggest further that the ¢tngfaan invader on the native
community may be a complex interplay between inva@asity, native species behavior,
invader nutrient use, and environmental conditiohise weight of each of these
components likely differs among native speciesiamdsion sites creating context

specificity.
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APPENDIX A:

SHELL LENGTH OF VALVATA HUMERALIS TO BIOMASS
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The relationship between shell length and ashdrgenass (AFDM) fow.
humeralis was determined with individuals sampled from thal& River Vista
population. Fifty-two individuals of varying sizesere sampled in August of 2009,
immediately placed on ice, and returned to the Aquciences Laboratory at Montana
State University, Bozeman for processing. Shedsawmeasured to the nearest 0.01 mm
with an optical micrometer and gastropods wereenao euthanize. Shells were not
removed due to the small size of some individukI2 (hm) and concern over sample
loss. Specimens were dried at 60°C for 24 hrsginead to the nearest 0.001 mg, ashed at
450°C for 2 hrs, and then placed in a glass desicéar 2 hrs. Shell and tissue were
reweighed. Ash free dry mass (AFDM) was calculaedescribed in Chapter 3.
Length and mass values were log transformed to assetmptions of normality. The
regression fo¥. humeralis shell length to biomass was mass = 0.086&8’where mass

is measured in mg (AFDM) and length (L) is meastnetim (n = 52, 7= 0.72).
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APPENDIX B:

SHELL LENGTH OF VALVATA HUMERALIS AND POTAMOPYRGUS
ANTIPODARUM TO WETMASS
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The relationship between shell length and wet-nf@sg. humeralis was
determined with individuals sampled from the SnBkeer Vista population ang.
antipodarum from a laboratory maintained Madison River popwlati Individuals of
varying sizes were sampled in August of 2009 andedhiately returned to the Aquatic
Sciences Laboratory at Montana State UniversitgeBan for holding. Shells were
measured to the nearest 0.01 mm with an opticalometer, blotted dry, and weighed to
the nearest 0.001 mg with a microbalan¢ehgmeralis n = 101,P. antipodarumn = 51).
Length and mass values were log transformed to assetmptions of normality. The
regression foW. humeralis shell length to wet-mass was mass = 0.934¢%here
mass is measured in mg and length (L) is measaredn (n = 101,7= 0.76). The
regression foP. antipodarum shell length to wet-mass was mass = 0.464%'\where

mass is measured in mg and length (L) is measarethi (n = 51,7= 0.96).
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