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Abstract

Human induced hydrologic alteration is ubiquitous in North American riverscépese

alterations have been shown to impact fishes by modifying habitats, influencing movement
patterns and driving changes in community structure. Understanding these impacts is an essential
first step for the conservation of fish in these systems. $&aNestern Silvery Minnow

Hybognathus argyritignd the Milk River of southern Alberta as a model system to develop and
apply an interdisciplinary approach to assess the impacts of hydrologic alteratiaptore

efficiency and habitat suitability stream fishes. The capture efficiency of sampling gear is a

key component of many fish research programs, and understanding the link between hydrology
and capture efficiency is critical to accurately assessing the impacts of hydrologic alterations on
fish. We measured seine net capture efficiency in the Milk Raredt investigated the effects of

flow, species, and habitat variables on capture efficiency using mixed effects rirtal@lstate

was an important driver of capture efficiency, whitctreased-5 % duringaugmentediow

comparedo naturalflow. Habitat suitability assessments are commonly used to determine the
impacts of hydrologic alteration on fishes, but often rely on poorly understood relationships
between fish and their habitat. We usedsiwanming performance dVestern Silvery Minnow

to measure the cost of movement between habitat patches in the Milk River and incorporated this
cost into a graph theoretic metric of habitat suitability (Equivalent Connected Seeapared

to augmented flothe proportion of suitable area was ~ 475 % higleing natural flowthe

mean cost of movement between habitat patches was ~ 13 % higher and Equivalent Connected
Area increased ~ 0.119 (95% C.I. 0.4@230).By including flow as a variable in modell

capture efficiency and swimming performance as a mechanism defining habitat suitability, we



show the utility and benefits of taking an interdisciplinary approach to assessing the impacts of

hydrologic alteration on stream fishes.
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1.0 General Introduction

Freshwater systems contain among the highest levels of biodiversity plarieé¢

Approximately onehird of all vertebrate species and almost 6% ofledicribedspecies inhabit

freshwater systemwhichonlycover0 . 8% of t he earthdés <SAodr f ace (D
still, many new freshwater species continue to be discd\ard described by scientists,

particularly in tropical areas (Lundberg et al, 2000).

Water garcityhas emerged as a prominent issue globally, apo@aslations growso have the

stresses put orwaterto provide for human needas have the impacts franumanactivities
Vorosmartyetal010 f ound that 80% of the worl dodés popu
waterscarcitythreats, and while technological advances can mitigasetthreatto some

extent, that mitigation disproportionately betefiigh income nations such as those in western

Europe and Nih America. Developing nationsoincidentally the same natiotisatoften

harbour the highesliversity of freshwater specigace growing threats to their water resources

that translaténto threats to the species inhabiting them.

No regionis immune tothreatsto water securityCanada, a nation with relatively low water
security threats and high technological capacity to mitigate those threats (Vorosmarty et al,
2010),is predicted tdace growing challenges in the face of changing climate and growing
human impacts (Schindler, 200Bpth water quantity and quality are expected to be impacted,
with many impacts accentuated in the already arid southern prairies regions of Alberta,
Saskathewan and Manitobgchindler and Donahue, 2006an (1998) described decreasing

natural streamflow in the summer months and earlier spring runoff en@oiss the prairies



region These shifting conditionsill undoubtedly impact aquatic species in #rea, including

fish of ecologic, economic and social importance.

Threatened aquatic stgmsare alreadgxperiencindargescale impactsAn average o¥.5
freshwater fish taxa have gone extinct per decade since the 1950s (Burkhead, 2012) and
extinctionrates have been predicted to increase in the coming century (Ricciardi and Rasmussen,
1999).Approximately39% of fish species in North Aenica are considered imperilealsome
degree with habitat degradation listed as the number one causal factorgtalk2008)

Threats contributing to the imperilment of freshwater fishes can be loosely grouped into five
categorieshatoverlap and interacbverexploitation, water pollution, habitat degradation,
species invasion, and flow modification (Dudgeon et al, 2@@&nsanddiversions built for
agricultural,industrialand hydroelectripurposesare presentrmalmost all major river systems

in North America (Dynesius and Nilsson, 1994; Graf, 1999)iammhct fish populationgrough

a number of mechanisms including fragmentation of hafdtatita and Yamamoto, 2002;
Perkin and Gido, 2012providing a conduit fothe introduction ofnvasive spec&(Johnson et
al, 200§, and altering natural flow regim¢Budley and Platania, 20QAltering the natural

flow regime of a riveoften hasconsequences foheamount, quality and connectivity of

habitats, further impacting fish communities.

Altering the flow of a streantan have atrong influence on thavailability of various

mesohabitat types, potentially eliminating critical habitat types for aloesil species (Aadland,
1993).Kehmeieret al (2007) found flat and run habitat significantly increased as flows increased
in a sandbed rivein addition to altering the types of habitat present, many flow control
structures modify the timing of major discharggsanginghe temporal availaliiy of habitat

types (Freeman et al, 200Natural ppak flows are often moderated and extended. Processes
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thatform and shape channels and floodplaias beeliminated, resulting in drastically different
stream characteristics (Ward and Stanford, 1985 can have important consequences for
species that are speciallgapted taniche habitats or specific flow regimes, as is the case for

many fishes in Great Plains rivers.

Flow modification has also been shown to impact fish spawning success anneatududley

and Platania (2007) showed tichianges to the magnitude and timing of water releases from
dams, along with the associated habitat alterations could result in increased downstream
transport of drifting eggs and embryos of pelagic broadcastrsgrs. In a highly fragmented
landscape, this could transport individuals below barriers and effectively remove them from the
population, or result in suffocation in the sediments of reservoirs. InBeekin and Gido

(2011) found that increased fragmetiin was associated with declines in pelagic spawning fish
in the Great Plains of North Americereeman et al (2001) found that pulsed water releases from
peakload power generation resultedunstable shallow water habitats, which negatively

impacted mall bodied fishessuch as youngf-the-year,thatrely upon these areas.

Assessing the impact of flow modification on aquatic systems receives considerable attention
and resources froscientists and managef do this successfully, fisheries assessgme
methodologies must be strengthened and in some cases specifically tailored to meet the
challenges of hydrologically altered systeisirchieet al 008 suggest a number of

directions to improve research of river systems with managed flow. Amongghessions are

an increased emphasis on interdisciplinary studied,more rigorous study design and statistical

analysis.



An importantfactor in the assessment of any fish population is the efficiency of the sampling
gear used to capture or sample fi8lreguinSanchez, 1996Not only does capture efficiency
provide the critical link between catch rates and quantitative population estimates, it varies
considerably based on numerous parameters, which can comfarisl tocompare catch rates
between sstems and survey®vhile numerous factors have been shown to impact capture
efficiency for different sampling techniquéierce et al, 199®ayley and Austen, 200Price
and Peterson 20),Ghey are often assessed piecemeal, or assumed to be corstarhlieBne
and surveys. This can result in misguided confidence in research results. When assessing the
effects of hydrologic alteration on fish populations, there is often a high chanogadtsto the
population or community and faulty assumptions remga capture efficiency cdead to
misdiagnosis of these impacts. The combie#ectsof population shifts andn erroneous
assessment of those shiftey compoundavith each other to cause managers to either over or

underreact to the actual trend.

Changes in fish habitat amdso an important indicator of hydrologic alterat{@ovee, 198k

Relying upon the relationship between habitat and fish, researchers can make inferences about
impacts to fish populations based on changes to hahitamportantstep in this process is

accurately assessing the fishbitat relationship. To do this, researchers often rely upon habitat
suitability indices (HSIs), which mathematically relate habitat parameters to the abundance or
presence/absence of a fish spedisssgnfeld, 2003; Ahmadiedushan, 2006Myriad methods

have been used to develop these indices and recently the concept of habitat connectivity has been
incorporated using certain graph theory metiRascuaHortal and Saura, 2006; Saura and
PascuaHortal, 2007; Saura et al, 201l Connectivity between habitat patchess been shown

to strongly influence thpopulation dynamicUrban and Keitt, 2001S6ndgerath and Sclader,



2002, and combining information on connectivity and habitat changes could improve

assessments of the impacts of hydrologic alterations.

The Milk Riverof southern Alberta, Canada presents a good system in whagiptypand

develop techniques for assessing the impacts of hydrologic alteration on fish populations and
communitiesSince the completion of the.Sdary Canal inMontana in1917, flow has been
diverted from the neighbouring St Maryver to the Milk River typically from April to late
October, and often constituting 10ZD00 % of the natural flow of the Milk River (International
St. Maryi Milk Rivers Administrative Measures Task Force, 200&je Milk River then flows
north into Albertaa fewhundred kilometersdjore turning south once again to return to
Montana and eventually enter the Missouri Riviéris diversion has had a profound impact on
the physical structure of the Milk River Alberta widening the channel and increasing
sediment transport (McLean aBeckstead, 1980). Within this highly modified system,
number offish species at riskccur, including Western Silvery MinnofHybognathus

argyritis), Rocky Mountain SculpifCottus sp, and StonecgiNoturus flavuy (RL & L

Environmental Services Ltd2002).

Western Silvery Minnow is a mediusized cyprinid found in prairie streams in tiessouri and
upper Mississippi drainaged/hile still locally abundant in some areas, it has experienced

drastic declines in others (Haslouer et al, 2005; Steffesisain 2014)Like many cyprinids, it

has been studied only infrequently and there are still gaps in our knowledge of its basic biology
and ecologyMost prominent of these gapsr e t h edispesat pattem® asspawning

strategy No previous studehave investigated dispersal and spawning strategyriyabeen
inferredbased on that of closely related speciesPilaegns Minnow H. placitug and Rio Grande

Silvery Minnow {H. amaru3 (COSEWIC 2008). Both these species are pelagic broadcast
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spawnersreleasingsemibuoyant eggthatsuspend in the water columnflowing water
(Platania and Altenbacth998).Given the pattern of decline in this guild of minnows across the
Great Plains (Dudley and Platania, 2007), investigations into the suscegpbibiMestern

Silvery Minnow to effects of hydrologic alteration are needed.

The objective of this thesis is to present two novel advances in assessing fish populations and
habitat, which directly contribute to improved understanding of the impacts of hydrologic
alteration on stream fishe&ccurately monitoring fish populationslies on a strong

understanding of the sampling gear used, how it interacts with the environment and the fish.
chapter 1 | will demonstrate the utility of including flow as a variable influencing capture
efficiency of fishes in a hydrologically alterettesam. Through better estimates of capture

efficiency, researchers and scientists will be better able to detect trends iartmiedtimates.

When changes in habitat are used as a surrogate for inferring changes to the fish population, it is
critical to inderstand not only the sampling gear, but also the relationship between fish and their
habitatsIn chapter 2 Will develop a technique for incorporating movement cost into habitat
suitability assessments for stream fishes. By using the swimming abilish@nd the water

velocity environment they encounter between habitat patches in my movement cost function, |
create a more realistic measure of the separation of habitat patches than distance and incorporate
this measure into graph theoretic habitatadaility metric. This method is then applied to the
Western Silvery Minnow in the Milk River to investigate the impacts of hydrologic alteration on

habitat suitability.



2.0 Theeffect of hydrologic alteration on capture efficiency of freshwater fishes

in a highly modified Prairie stream: Implications for for@nitoring programs



Executive Summary

Hydrology is a defining feature of aquatic ecosystems. Changes in stream hydrology, due to
climate change, water use and impoundment, have been shown tealggdfect fish

populations. Assessing changes in hydrology and its effect on fish populations and communities
remains an important consideration for aquatic monitoring programmes across the globe. In this
study, we used the Milk River in southern Allzegis a model system to understand how

hydrologic alteration may also affect capture probabilities of fishes and impact instream
monitoring programmes. The Milk River receives the majority of its April to October flow via an
inter-basin transfer from the S¥lary River, drastically altering the hydrologic regime and

instream habitats for fishes during this augmentation period. We estimated -specifs seine

net capture probabilities of fishes in the Milk River during augmentation and natural flow

periods using depletion surveys in both open and enclosed sites. Using habitat data collected
during the seine surveys, linear mixefflects models were created with capture efficiency as the
dependent variable. Model s we rrmatieneritepca,raedd usi n
the relative contributions of the different variables to the top models were examined. We found
that species and flow characteristics, such as water velocity and the state of augmentation, played
a prominent role in many of the toponels explaining variation in capture efficiency. These

results demonstrate that changes to stream hydrology clearly have the potential to impact gear
efficiency and individual species assessments. Stream monitoring programmes, which aim to
determine longerm trends in aquatic ecosystem health, need to be mindful that any change to
stream hydrology from climate change, fragmentation or stream alterétican alter capture

efficiency of the sampling gear and inadvertently alter spepesific trends.



Intro duction

Freshwater ecosystems are some of the most diverse ecosystems on earth, containing 6% of all
described species, yet covering only 0.8% of the surface (Dudgeon et al., 2006). Similarly, fishes
are one of the most diverse groups of vertebrates (ldalihal., 1997), with 40% of fish species
inhabiting fresh water (Lundberg et al., 2000) and new freshwater fish species discovered
regularly in South America, Africa and tropical Asia (Lundberg et al., 2000). The diversity of
freshwater systems, and fiegater fish in particular, is increasingly threatened. An estimated

4.4% of freshwater fish species are threatened globally (Duncan and Lockwood, 2001), and 39%
are imperiled in North America (Jelks et al., 2008). Extinction rates have been increang sinc
1950 (Burkhead, 2012), with a current rate of 0.4% loss per decade and a predicted increase to

2.4% loss per decade over the next hundred years (Ricciardi and Rasmussen, 1999).

Threats to freshwater biodiversity can be grouped into five main categmrézexploitation,

water pollution, flow modification, destruction or degradation of habitat and invasion by exotic
species (Dudgeon et al., 2006). Flow modification, or hydrologic alteration, is largely the result
of dams built for water storage, diversiand regulation and is prevalent throughout North

America (Graf, 1999; Nilsson et al., 2005). Stream fragmentation and hydrologic alteration have
been linked to the decline of numerous fish species (Morita and Yamamoto, 2002; Dudley and
Platania, 2007). Ténloss of long, unimpeded sections of river restricts natural movement patterns
associated with spawning migrations and egg and larval drift (Perkin and Gidp 222},

while flow modifications alter physical properties of riverine habitat (Freemdn 2081,

Murchie et al., 2008). Within this context of declining freshwater fish diversity and increasing
threats to fish populations and habitat, accurate assessments of fish populations and communities

are essential for effective management. Specigsostipg commercial, recreational or



aboriginal fisheries or those identified as i
managerso6 efforts. Still, managers are often
professional judgmenWhen it comes to species mamntributing to a fishery or identified as

imperiled, there isnost often a complete lack of data regarding populatatus and trends.

When such data are collected, it is essettiat they be accurate and informativdieh requires

athorough understanding of the data collection methods used.

Seine nets are commonly used to sample fish commuimtgtsallow areas of lakes and rivers.

There are manfactors that impact the effectiveness of seine nets at capfisiin@.g. water

depth, water velocity, substrate tygpgecies targeted, fish size and time of day; Lyons, 1986;
Parsley et al ., 1989; P iFailurete reoegnizeaahy.of,these9 9 0 ; F
impacts may result imaccurate conclusions andsguided management actioifiese factors

become especially important when aiddition to impacting capture efficiency, they also affect

the fish populations. The result may be an alteredpiigiulation or community and hindered

attempts to monitoor suvey it. Because hydrologic alteration is a known drisfecthanges in

fish communities, it is important to also understands | mpact on researcher :

thosechanging communities.

Using the Milk River in Alberta, Canada, as a maiatem, we aim to investigate the
relationship betweehydrological alterations and the capture efficiency of freshwistees. The
majority of the water th#lilk River receives iwia a diversion from the St. Mary River in
Montana, resultingn a relatively constant @charge between 15 and 20 crinégsn April to
October (ESRD, 2014). Once augmentatieases in Octobedischarge decreases i@tm/s
for theduration of winter. This results in two distinct, drasticalifferent flow states. By

identifying the impact of the changirflpw state on capture efficiency of freshwater fishes, we

10



hope to illustrate the potentially confounding impacts of hydrologic alteration ortdomg

monitoring programmes.
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Methods

The Milk River, located in southern Alber@anada, is a mediwsized prairie stream

characterized by a logradient and sandominated substrate in its lower 100 river kilometres
(Figure2-1) . The Mil k Riverodos cycle of augmented a
system to test how commomnspling methods used in fisheries research may be affected by

changes in hydrology. Sampling of fishes was conducted betwé&2 S2ptember 2013 and 3

11 October 2013 during augmentation (flow: 1845.9cm s%) and after (1.9 3.1cm s%

(Figure2-2) (ESRD, 2014). This timing allowed for a before/after contrast while minimizing

temporal variability.

Freshwater fishes were enumerated using depletion surveys aridenagture techniques to

help estimate speciaspecific capture efficiency. Fishes weeargpled at 20 sites evenly divided
across flow states (augmented and natural) and two reaches, the Ross Ranch and the Pinhorn
Ranch (Figure-1). Sites were chosen based on our ability to establish an enclosure around the
site using block nets, and the likmod of encountering western silvery minnadybognathus
argyrits) , a t hreatened species under Canadabs Spe
collected along shallow areas with slowoving water and silty substrate (COSEWIC, 2008),

and consequely, these areas were where most of our sites were situated. Both open and closed
survey techniques were used at each site to compare capture efficiencies under contrasting
survey conditions. To accomplish this, sampling at each site consisted of th@mgavents

spaced over 3 days. Before sampling on the first day, the site was enclosed with block nets that
were left in place until sampling was completed on Day 2. Block nets haan/&cemeshing

and were dug into the substrate to seal the bottlga.After surveys were completed on Day 2,

block nets were removed, and the site wasarapled. This resulted in the first two surveys

12



being conducted on a closed system, while the third was on an open system. Each survey type
(open or closed) consistefla removal depletion survey (White et al., 1982) fished with a 9.14

m long x 1.82m high seine with a 1.82 x 1.82 bag and 4.76hm ace meshing throughout. A
minimum of three passes were completed for each survey with up to six passes for sites at which
the decline in catch between passes was low (Bohrmann and Christman, 2013). After each seine
haul, all fishes captured were identified to species and counted. They were released back into the
enclosure once all seine pass&se complete. Fishes over B0nweremarked with a visible

implant elastomer tag coded specifically to that site.

At each site, mean and maximum water depth and mean water velocity were measured, and
substrate composition was estimated to the clos#stiSing a modified Wentworth seal
(Cummins, 1962): clay (<0.0039 mm), silt (0.00320625mm), sand (0.062%2 mm), gravel

(2i 64 mm), cobble (64256 mm), boulder (>2561m) and bedrock. The surface area of each site

was estimated from sketches drawn in the field and measurements takeanagier rangefinder.

Fishes large enough to mark with tags (>60mm) were relatively rare in our samples, comprising
only 4.9% of the total catch. Initial review of the data also revealed low recapture rates, with
previously marked fish captured in only @655 surveys. Because of this, we were not able to
obtain capture efficiency and abundance estimates fromi meckpture data for most surveys,

and markrecapture data were not used in any of the following analyses. Estimates of-species
specific capturefficiency and abundance were obtained for each depletion survey using Carle
and St-passbeinsval khethod (Carle and Strub, 1978). The four species groups used for
this analysis included the following: (1) flathead chBlatygobio gracilig; (2) longnose dace
(Rhinichthys cataractge(3) sucker species [composed of white suckatdstomus

commerson)i, longnose suckeatostomus catostomuand mountain sucke€Catostomus
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platyrhynchuy; and (4) western silvery minnow. Flathead chub, longnose dad Catostomus
spp. were all encountered in almost every survey, allowing for spgmeesfic comparisons in
capture efficiency. Western silvery minnow was included as a species group due to its threatened

status and the potential application of thailtssto other imperiled species.

Factors influencing speciepecific capture efficiencies were assessed using linear rafiets

models fitted by maximum likelihood (Starkweather, 2010). Models were structured with region
(Pinhorn or Ross Ranch), sitedasurvey as random effects. Fixed effects included flow state
(augmented or natural), species, survey type (open or closed), abundance, mean water depth,
water velocity and the interaction between flow state and water velocity. In order to rot over
parameerize the number of candidate models, the interaction between flow state and water

velocity was the only interaction effect included. Of all the potential interaction effects, this

effect was judged to be most relevant to our investigation of the impfeftdsy alteration on

capture efficiency. All candidate models were ranked usingach@ms r ect ed Akai kebs
information criterion (AICc) (Akaike, 1973; Sugiura, 1978; Hurvich and Tsai, 1989). In total,

128 candidate models were tested, including all passitinbinations of these seven fixed

effects plus the null model. Maximum water depth was highly correlated with mean water depth
(Pearsonbds correlation, df = 18, t = 10.6308,
analyses to reduce redundancy. $ube was dominated by silt and sand at all sites, and gravel

(the only other substrate encountered) was present at only one site, and so we excluded substrate

type from the analysis as well.

For each model, AIGc ; (&ICc; - AlICcnmin), and w (Akaike weidt, the model probability) were
calculated as described by BX2r nahsa m nadn dc aA n doenr so

having considerable support (Burnham and Anderson, 2004), the top models were identified and
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examined. Presence of a certain fedfict in the top models was taken as an indication of its
importance in determining capture efficiency. Medeeraged predictions of fixed effects were
computed as weighted means with model probabilities acting as the weighting factor (Burnham
et al., 2@ 1). Factorial analysis of variance (ANOVA) (Crawley, 2012) was also used to assess

differences in speciespecific capture efficiency for models including flow state and survey

type.
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Results

Flow state and stream velocity were important factors infligncapture efficiency of
freshwater fishes in the Mil k ;R2indeatng Of t he
substantial support for those models from the data (TahbjeSpecies was included as a fixed

effect in all of the top eight models, witlow state being the second most frequently occurring
fixed effect (present in four models), followed by water velocity (three models), fish abundance
(two models), water depth and the interaction between flow state and water velocity (one model
each; Tal# 2-1). The model with the lowest AlCc value included only species and flow state as
fixed effects. Within this model, western silvery minnow was associated with the highest capture
efficiency, followed by Catostomus spp., flathead chub and longnoselita@ee (hixedeffects

model, df= 3, F=5.195, p= 0.0022).

The full model including all possible fixed effects was not strongly supported by the data,
ranking 64th of t he;ofl7f3R2. Withith this moddl, endytspeeades weis & h  a
significant effect, with capture efficiencies highest for western silvery minnow, followed by
Catostomus spp., flathead chub and longnose dace, similar to the highly supported models (Table
2-2). Abundance, mean water depth and water velocity all had a negapgetion capture

efficiency. Similar to the other models, capture efficiency was lower during natural flow

conditions. Open surveys had higher capture efficiencies than closed surveys; however, survey
type did not appear at all in the top eight modelsrd&eere relatively high levels of correlation
between flow state and mean water deptk (R583), water velocity (R 0.316) and the

interaction between flow state and water velocity=( 448).

In general, the top models agreed on the direction anditundgrof the impact of the fixed

effects when they were included in the model. From the top eight models, theavedaied

16



intercept value is 0.5705, indicating the average capture efficiency if all other fixed effects were
zero/null (Table2-2). Within the species effect, western silvery minnow has the strongest impact
on capture efficiency, followed by longnose dace, Catostomus spp. and flathead chub as the null
category in that class. The natural flow state had a negative impact on cafatigecyfwith
augmented flow being the null category. Although not included in as many of the top models as
other effects, the natural flow stateater velocity interaction and water velocity both had

relatively strong negative impacts on capture efficyeirésh abundance and mean water depth,

although included in some of the models, have relatively minor impacts on capture efficiency.

The majority of the randoraffect variance was residual (Tal@); however, in the top models,
the survey effect accoled for almost 43% of the randeeffect variancewhile site and region
accounted for much less. The large amount of variance accounted for by the survey random
effect supports the inclusion of at least that random effect in the model, and the useasf a line

mixed-effects model in general.

The factorial ANOVA including species and flow state showed that both factors had a significant
impact on capture efficiency [species (ANOVA,d8, F=2.913, p = 0.03662) and flow state
(ANOVA, df =1, F=6.914, p = 0.000951)] (Figug3a). For all species except western silvery
minnow, capture efficiency was higher during augmented flow. The ANOVA including species
and survey type indicated a significant effect only for species [species (ANOWA, =

3.093, p = 0.0291) (Figura3b). No distinct effect of survey type was readily apparent, with
higher capture efficiency in closed surveys for flathead chub and western silvery minnow, lower
capture efficiencies in closed surveys for longnose daceauotear difference for sucker

species.
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Discussion

Streams are increasingly experiencing modificatiorte¢o natural flow regimes due to human
activity. Damsand diversion weirs are widespread with the majorittheftotal river discharge

in the nortlern third of the worldegulated for hydroelectric power, reservoir operation, water
diversion and irrigation (Dynesius and Nilsson, 1994 addition, climate change is projected to
have significantonsequences on the timing and amount of streamflolveaitier spring peaks
and lower total discharge (Schindierd Donahue, 2006). With these changing stream conditions
and the inevitable changes to the fish commundtegained within, researchers run the risk of
compoundingerrors associated with devplag trends using lortermmonitoring surveys of

fish populations. For example, imeview of research performed on fish communitiestiaams
with modified flow regimes, Murchie et §R008) found that active sampling methods, such as
seine netting, @re the most common single samplingthod used. When using these methods,
a key componerthat must be understood by the researcheprigper interpretation of the data
is the efficiency of theampling gear, or its capture probability, which proviaksk between

the sampled population and the acfpgbulation (ArreguirSanchez, 1996).

We show that stream hydrology, including flow state water velocity, had a strong influence
on the capturerobability of freshwater fishes in a hydrologically adeésystem. Incorporating
such knowledge into lorgermmonitoring programmes is essential to ensure that appropriate
trends in aquatic ecosystems are properly enumeffates et al., 2012; Poesch, 2014).
Differences in speciespecificcharacteristics anteir effect on capture probabilitiase

important reference information for fisheri@snagers (Poos and Jackson, 2012). For example,
thewestern silvery minnow had higher capture efficienaieder natural flow conditions than

during stream augmentaticPopulation assessments of western silvery minaow,other
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imperiled species, may therefore be impacted byyiadeologic conditions during sampling. The
effect of habitabn speciespecific capture efficiencies is perhaps not surprigisgn the

reallts of previous studies investigating factoruencing gear efficiency. Capture efficiency of
a seinadecreases with the increased benthic orientation of a sifbeygass, 1986; Pierce et al.,
1990; Poos et al., 2007). Thigy be a result of more béid-orientated species evading
samplers through the spaces between the seine net aretitbéthe water body (Poos et al.,
2007) and fish swimmingbility. Of the species commonly encountered in our stiethgnose
dace are benthic specialists, and s reflectedn the lowest capture efficiency of the species
consideredFlathead chub had the next lowest capture efficiency, althibugis only slightly
lower than that of sucker species, and lspttcies probably utilize similar habitats at the
juvenile life stage that was most often encountered. The majority of fcstpgared were
juveniles, and juvenile suckers are knowiie®ed on norbenthic food sources (Nelson and
Paetz, 1992)which may make them more susceptible to seine net cagtdrexplan their

higher capture efficiency.

The efficiency of sampling gear is reduced when figtiesable to evade capture, with fast
swimming fish beindetter able to escape an encircling seine net. The swinahility of a
species is often linked to the hatiit occupiesand for stream fish, the water velocity typically
encounteredLeavy and Bonner, 2009). Of the species considered isttidy, longnose dace is
typically associated with th@ghestvelocity habitat, commonly found in riffle section

streams (Scott and Crossman, 1973). Catostomusis@flathead chub are found in a wider
range of watevelocities but are not usually considered-faater specialist§Scott and
Crossman, 1973; Nelson and Paetz, 199@stern silvery minnow is usliyaassociated with

slow-moving sections of streams (Nelson and Pd&192). Given these habitat use patterns,
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swimming abilitywould be expected to be highest and capture efficilavegst for longnose
dace, followed by Catostomus sjnd flathead chubnd then western silvery minnow. The
observed capture efficiency pattern follows this relationshgcating that along with benthic
orientation, swimmingbility may play a role in determining differences in capeffieiency
among species. While boiwimming ability andenthic orientation of a species may influence
captureefficiency, the magnitude and direction of that impact kkély vary for different

capture methods. The effect of flam capture efficiency will likely need to be investigated

independently for different capture methods.

With the decrease in discharge from augmented to ndllomaktates, the physical habitat
present in the river changddamatically. The first obvious change was a reducticavailable
habitat, with the majatty of the previously inundatechannel being exposed during natural
flows. Oneexpected effect of this would be an increased concentmaitifish in the remaining
habitat; however, we did not finds&rong correlation between flow state and abundanttein

full model. This may be because the amount of suitadlétat for the most common species did
not change. Wevere unable to sample large portions of the study reatthreésy augmented

flows because of high water depths ametbcity. These deeper, fastareas may be less suitable
for the species we commonly encountered and so wittlebiase in water levels, there may not
have been a significadecrease in available habitat. Another major chéegeeen flow states
was water clarity. Turbidity measementsvere not taken during the augmented period;
however, a noticeable increase in water clarity occuroed augmented to natural flow states.
The increased flowthat occur during augmentation in the Milk River have Hdeded to
increased erosiomd sediment transport (AME@Q08), accounting for this change. This

increased claritynay have contributed to decreased capture efficientheimatural flow state.
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Our choice of seine net as sampling gear excluded wiutte river from potential samplg as
previously discussedVhile capture efficiency was higher during augmerikaas at our sample
sites, it should be noted that we walgo unable to sample a larger portion of the river. This
highlightsthe multiple scales at which flow alteratiorayinfluence fish sampling. Considering
the entire riverincreased flow may reduce the effectiveness of seindaratspresentatively

sampling the fish community; howevat,the local site level, seine nets become more efficient.

Changes to the hydiagic regime of a stream are wdlbcumentedo impact fish habitat and
communities, anthe Milk River data provide a good example of this. The incredisetiarge

of the system as a result of augmentatias resulted in a widening of the channel (AMEC,
2008).Increased erosion has increased the silt load in thedivarg much of the year,
increasing turbidity as well as tleposition of sediments in slemvoving portions of theiver.
Besides changing the amount of water in a systdtering the timng of peak flows can also
have significanhegative impacts on fish species (Freeman et al., 2Dy riverine fish
species have adapted to specific flow ader temperature regimes, which if altered can have
negativeconsequences for reproduction amadingof-the-yearsurvival (Dudley and Platania,

2007).

Hydrologic alterations impact fish in many direct andirect ways, and it is often difficult to
measure all thendirect habitat parameters that are affected by flowcandd potentially
influencefish. Similarly, those samigabitat parameters that change with flow and affect fish also
often influence the efficiency of sampling gear. While mattention has been given to
guantifying the impact of variougabitat variables on sampling efficienclyetflow state itself

(as the driver of many of those habitat conditions) hagften been considered as a quantifiable

variable influencingeiampling efficiency. We have shown that flow state can @lafe in

21



determining capture efficiency of a seing, mdependent of some commonly measured habitat
variablesWe believe that this effect likely translates to other fishesaespling gear as well.

Given the importance of understandeapture efficiency for accurate fisheries assessment,

including flow gate as a variable in models explaingapture efficiency is strongly

recommended. Flow informatios often easily accessible and, while not a substitutether
habitat parameter s, c coafidemhce méeéirsamplmgreseliads e r es e a

improve managemeuwf increasingly threatened fisheries resources.
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Figure 21. Milk River in southern Alberta with sample sites, 2013.
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Figure2-3. Seine net capture probability for flathead chBlatygobio gracili§, longnose dace
(Rhinichthys cataractgesucker speciesnd western silvery minnowbognathus argyrits in

the Milk River in southern Alberta during augmented and natural flow conditions, and from open
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Tables

Table 21. Linear mi xed @f fRectwd trho deli n ewinteh

mapture

antlidaie modelsh ¢ y

were created using data collected in the Milk River in southern Alberta, 2013. Formula represents only the fixed difest varia

included in the model, all models also included region, site and survey as random effects. The bottoramkedéHU{ris the full

model, including the entire suite of fixed effects considered for the analysis.

I\Rﬂggfl Formula AICg; (0¢] Wi

1 Species + Flow State -56.7253 0 0.2189
2 Species -55.9918 0.7335 0.1517
3 Species + Flow State + Abundance -55.9423 0.7830 0.1480
4 Species + Flow State + Water Velocity -55.6168 1.1085 0.1258
5 Species + Depth -55.0858 1.6395 0.0965
6 Species + Water Velocity -54.9246 1.8007 0.0890
7 Species + Flow State + Abundance + Water Velocity -54.8857 1.8397 0.0873
8 Species + Flow State * Water Velocity -54.7815 1.9438 0.0828
64 Species + Flow State + Survey Type + Abundance + Water Vel 48.8531 7.8722 N/A

+ Depth + Flow State * Water Velocity
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Table2-2. Modelaveraged values for random and fixed effects from the eight best models and the full model explaining seine net

capture efficiency in the Milk River in southern Alberta, 2013. The madetaged values reported for the random effects are the

proportons of the total random effects variance attributed to each random effect. Theaverdeled values reported for the fixed

effects are the coefficient estimates produced by the models for that effect. Solid dots indicate that the effect wiais thelude

model.

Top Models
Model Full Model
1 2 3 45 6 7 8 Averaged

Random Effects Survey 0 6 6 6 6 6 6 6 04298 0.4311
Variance (% of  sjte O 6 6 06 86 6 0 6 00229 1.7745E10
total) Region 5 6 0 0 6 6 & & 26502E11 1.1127E11
Residual 0 6 0O 06 6 6 6 0 0.5473 0.5689

Fixed Effects  Intercept 6 6 6 6 66 6 6 05705 0.6036

Estimates Species FLCH 5 6 6 6 6 6 6 0 null null
Species LNDC 0 8 6 6 606 6 6 -0.0812 -0.0959

Species SUCK 0 6 006006 0 O 0.0107 0.0008

Species WSMN 0 8 6 6 6 6 6 0O 0.1113 0.0922

State- Augmented 0 0 0 o] null null
State- Natural o] 0 O o] -0.0473 -0.0543
Abundance o} o} -1.142E05 -5.122E05
Depth 0 -0.0200 -0.0430
Velocity 0 0 0 -0.2358 -0.2014

State (Augmented)*Velocity o] 0.0174 null

State (Natural)*Velocity o} -0.1306 -1.018

Survey Type (Closed) -- null

Survey Type (Open) -- 0.0045
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3.0 Incorporatingmovementostwith habitat suitabilityUsing a graph
theoretic approach tovestigate the impacts of hydrologic alteration on stream

fishes
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Executive Summary

Hydrologic alterations are widespread in streams worldwide and often detrimentally impact fish
populations and communities. Habitat suitabistgommonly used to asse$gese impacts, but
frequentlyreliessolely upon observed fighabitat relationships rather than the mechanistic
underpinnings of those relationships. Wedisdéoratory measured swim performance of fishes

to develop a movement cdsihction which was themcorporated into a habitat suitability
assessment via a recently developed graph theoretic metric, equivalent connected area (ECA).
The movement cost function considered the effects of species specific swim performance as well
as the encountered watela@ties and provided a more realistic measure of habitat patch
separation than Euclidean distantbis technique was then applied to theeatened cyprinid,

western silvery minnowlybognathus argyritisin the Milk River of southern Alberta, Canada to
assess the impacts of flow alteration on the species. ECA (as a proportion of the total area),
increased ~ 0.119 during natural, low flow rates compared to augmented, higintlmasing

potential negative impacts of flow augmentation for this sped&sof the derived movement

cost function rather than Euclidean distance as the measure of separation between habitat patches
also caused increased estimates of overall habitat suitalikély due todispersal assisted by
currents The ncorporation of rachanistic principles such as movement cost into habitat

suitability assessments will improve our understanding of the effects of hydrologic alterations on

stream fishes anidcrease the effectiveness of monitoring and mitigation efforts.
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Introduction

Freshwater fishes are an increasingly impergealp with an estimated 0.4 % per decade

extinction rate in North America&(cciardi and Rasmussen, 19%hd 700 taxa listed as

vulnerable, threatened or endangered in 2008 (&elikds 2008).Threatsto freshwater fishes
includeoverexploitation, water pollution, habitdegradation, invasive species, and flow
modification, all of which can interact witach othe(Dudgeon et al 200§. Hydrologic

alterations are widespread in rivers around the w@nehésius and Nilsson, 1994vith

approximately 75,000 dams present in the Un8&tesalone andthere areno watersheds >

2000 knf in the Lhited Stateshatar en 6t experi enci ng s orGaff or m
1999. Dams, diversions and a alging climate all play a role in changing stream flows,

impacting the amount and connectivitysofitable fishhabitat affecing some fishes ability to
successfully complete all necessary life stages (Bunn and Arthington, 2002; Dudley and Platania,
2007).Theyalsoprovide a conduit for the introduction of roative speciethatmay have

detrimental effects on natifauna(Johnson et g312008.

With theimperiledstatus of many species and increasing teréagre is a growing need to

accurately assess the impacts of hydrologic alteration on fish populations and communities. One
method of assessing these impacts is quantifyingfteetsof hydrologic alterations on aquatic
habitats, a techniqubatreliesupon understandintpe relationship between a species and its
physical environment. The relationsklpet ween aquatic habitat and
abundance is often quantified in a habitat suitability index (H@i)ch is used to identify
habitatcharacteristics or featurésatare key to the successful persistence of a spéaees

Kerckhove et a) 2009. An HSI can be modelled numerousvays, including linear, nonlinear,
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and logistic regressiopyincipal component analysis, general linear eiedgeneral additive

models, and artificial neuraetworks(AhmadiNedushan et gl200§.

How suitability is defined also plays a large role in the validity and applicability of the HSI.
Most commonly, HSI quantifiethe observed associatidretween aertain species and

particular habitat characteristid®d@senfeld 2003. Implicit in this methods the assumption that
the habitat occupied by individuals enables them to successfully survive and reproduce.
However,it has been shown that individuals oot always occupy the hahitthat best meets
their needsand there are factors than push fish to less than ideal habi{atasn Horne, 1983;
Hobbs and Hanley, 199Rosenfeld and Boss, 2001n these instances, using an HSI based on
observed habitassociations of a species may be misleadingther way HSIs commonly
define suit abi(Rosenfsid, 083 Prafgranee fis ¢he seleatian of certain habitat
characteristics over others, and seeks to idetitéhabitat typeshat optimize fitness. It is
assumed that individual fish will weigh the costs and benefits within their environment and
choose the best available habiRteferencgrovides a more robustay of estimating

suitability, however measuring habitat prefents often difficultlsolating the relationship

with each habitat parameter, or alternatively, including all habitat parameters in a multifactor
model carbecomecomplex(AhmadiNedushan et gl200§. Controlledlaboratory or field
experiments can helps predictthe impacts oindividual parameter&and multiple authors have
called for the inclusion of this type of empirical data in habitat suitability assessmerstsidir,

2001;Rosenfeld, 2003viurchie et al, 2008§.

In order toconfidently speaka the relationship between fish atieir habitat(i.e. truly
understand the suitability of a habiteh understanding of the underlying mechasidnving

the relationship is needelllechanisms such dsragingenergeticgMittelbach, 198), predation
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and competitiorfRosenfeld and Boss, 201 hnd physiological constraingsich as temperature
(Huey, 199]) canall play a role in defining how individigrelate to their environment.

Additionally, the ability of individuals to move through their enviromn@har movement

potentia) can in a large way define the suitability of habit&agan, 200Rand can also be

defined in a very mechanistic wadyactors such as interspecific interactions pegdation risk

(Fraser et al 1995)), inhospitable physmgical ranges (eg. chemical barriers (Warren.et al

2008), or physical impediments to movement (eg. dams lveds (Maitlandet al, 2015)) can
influence movement potential, restricting or allowing movement to varying deéieibe

population levelmovement between habitat patches can often have important implications for
persistencefor example source habitat patches providing a source of individuals for sink patches

(Dunning et al 1992).

Assessing theonnectivityof environmentgand the movernt potential of individuals in the
environment)provides key insights into its suitabilignd iscommonly done in terrestrial
environments$chadt et a] 2002;LaRue and Nielsen, 2008; Janin ef 2009; Wang et al
2009. In aquatic systemspnnectvity is most commonly assessed in streams, regarding the
environment as a dendritic system with barriers and restrictions to movement corresponding to
features such as waterfaltkams, and culvert$\offord et al, 2005;Perkin and Gido, 2032
Consideringnovement potentiadf fishesin aquaticsystems/iewed as noflendritic landscapes
is less commanthough not completely unheard(bfoffman et al, 2006;McElroy et al, 2012),
andin principle is similar tanovement potential iterrestrid environmentsViewing the
landscape as a patchwarkgrid of different habitats, assigning costs for movement through
those habitats and then definimpvement potentiddased on those movement costs is a

common techniqum terrestrial environmen{&®g Schadt et al 2002;Adriaensen et g312003;
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LaRue and Nielsen, 2008awyer et al 2011). A similar concept can be applied to fish in an

aguatic system, though the mechanikatdefines the cost of movement miagy different

Movement of fish may beestricted by a number édictors,not the least of which is water

velocity (Haro et al, 2004. The relationshifpetween water velocity and swimming ability is
commonly assessed in laboratory settings for the purposes of evaluating fish papsagatiaf
barriers (Toepfer et al1999;Bestgen et al201Q Tierney et a] 2011 and thephysiological
impacts of potential toxicants (Waiwood and Beamish, 15@8&gll et al, 1998;Jain et al
1998).Past studies have found that when considesivijmming enduranceime to fatigue

typically decreaseas water velocity increaseBrett, 1964 Brett, 1967; He, 199JAdams et a|
1999;Cotterell and Wardle, 2004To address theiidespread presence of dams, anthropogenic
barriers, and pollutantthe swimming abilitiesof manydifferentfish species have been assessed

(Videler and Wardle, 1991; Hammer, 1995

There is currently a need for interdisciplinary studies to advance our understanding of the
impacts of hydrologic alteration on fishes (Murchteal, 2008), andricorporatingswim
performance into estimates mbvemenpotential and subsequentigbitat suitabilitywould
provide a mechanistic link between physical habitat conditions (water velocity) and habitat
suitability. Here we developand preserh mensfor incorporatingnovement potential based on
swim performanc@to habitat suitabilitymodels We consider the consequencad@ghis method
for estimating habitat suitability and the impacts of hydrologic alteration ongbeernsilvery
minnow Hybognathus argyritis a threatened species in the Milk River, Can8jeadopting a
mechanistic approach, and using swimming ability and water velocity to estimate habitat
suitability, we improved our ability to assess the impacts of hydrolalgeration on Western

Silvery Minnow in the Milk River.
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Methods

Incorporating movemembstinto habitat suitability

The study of connectivity and movement potertias a long historin ecology,however
terminology has not always been agreed ufaoschendorf and Fahrig, 200@oilanen and

Hanski, 2001; Tischendorf and Fahrig, 2D@Hor the purposes of this study, we use connectivity
as a general term describing the permeability of the landscape to movement by organisms. Itis a
characteristic of theandscape, not the organism. We use movement potential as a general term
to describe the ability of an organism to move through their landscape, a characteristic of the
organism rather than the landscape. Movement potential can be thouddmadscapecale
generalizatiorof the probability of dispersakeferringto the probability that an organism will
successfully undertake a movement from specificlocation to another. Probability of

dispersal is often defined as exponentiadecayfunction ofsome measure of the separation
between two locationdRodriguez, 2002; Poos and Jackson, 20IRBis measure is commonly
Euclideandistance, but can bediferentmeasure of movement cost. We define movement cost
as a relative value representing the afshovement from onspecificlocation on the landscape

to another.

We incorporate novel measure of movement ciogd Equivalent Connected AreBCA), a

habitat suitability metric based in graph the&ZA uses characteristics of habitat patches on a
landscape (typically the area) and the probability of dispersal between these habitat patches to
calculate the equivalent amount of fully connected ha{#tatira et al 2011) Habitat patches
represent the nodes of a graph, while the probability of diapgives value to the arcs

connecting the nodes. When probability of dispersal between all the patplads ondall

patches are fully connected), ECA equals the sum of the area of all the pathbaghe
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probability of dispersal is zero betweenlabitat patches, ECA equals the area of the largest
single patch. The units of ECA are whatever units were used to describe the habitat patches (eg.
square meters when habitat patches are characterized by area), and the ratio of ECA to the total

value of he landscape provides a measure of the proportion of the landatipesuitable.

We incorporate swimming ability into the estindjpobability of dispersabetween habitat
patchesand hence into the estimated E®&obability of dispersal defines haasily
individuals move from one habitat patch to anotat is often defined asexponential

function(Rodriguez, 2002; Equatior),Jbased on distance and an additional paranjeter,
01 & & WO D da Q)

Usingthe water velocity the fish encounters between habitat patches and the swimming ability of
the fish a measure of movement cost wafculatel, this was thenused instead of distance to

calculate the probability of dispsal.

Within lotic systems, water velocity is one of the driving foriteg governfish ecology

(Blanchet et a) 2008;Ottaway and Forrest, 1983nd it is reasonable to assume it influences

fish dispersal between habitat patches. The ability of fishaee in flowing water (their

movement potential) is characterized by their swimnaibidjty, and there is a large field of

study dedicated to quantifying swimming abili¥jideler and Wardle, 1991; Hammer, 1995

Kieffer, 2000;Nelson et al] 2002. Swimming modes are typically definex sustained (able to
sustain for > 200 min prolonged (able to sustain for between 20 s and 200 min), and burst (able
to sustain < 20 s) (Beamish, 1978). Eautdecan be represented by a linear relationship

between the logf time to fatigueand swim speed, though the slopes of the relationships for

each mode may not be equal (Videler and Wardle, 199kile each of these modes could
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potentially be used in the following calculations, we suggest that prolonged swimnanggiy |
responsible for movement pelagic speciesetween habitat patches in lotic systems, and as
such is most appropriate for calculating movement costs between p#tehgsecies primarily
uses burst swimming to move through its environment (ege $mmthic species such as sculpin)
or habitat patches are separated by extremely long distances, then it may be appropriate to
consider using burst or sustained swimming modes to calculate movemeiftroesb fatigue

is typically related to swim speed b loglinear equatiorfHe and Wardle, 198%eake et al

1996;Adamset al, 200Q Equation 2
I TYQa Qo o YO Q¥ 'QQQ 2

wherea describes the intercept abdtypically negative) describes the rate of decimthe
relationship. Assuming that the individual fish chooses to swim at a Hpetedaximizes the
ground distance it can cover, the maximum ground distdyatean be traverseid expressed as

a function of water velocityEquation3; CastreSantos, Q05):

z

Ol £ 6@ 6 HE GO . €)

We use the inverse of this relationship to define the movement cost of individu@eigneter)
as a funcoin of water velocity (Equation)4This movement cost function is used to create a cost
surface, based on water velocity, over which the cost of travel between habitat patches is

calculated.

DELVLQAaBEDO - (4)

Therelative direction of movement (the absolute difference between the direction of flow and

the direction of travel in degrees)incorporated by multiplying the movement cost by a
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horizontal factorKiF). In constructing the HF, we were unable to find any refss to the

impact of relative flow direction on movement costs for fish. We adopted the minimum HF of

0.1 when direction of travel equals the direction of flow used by Felicismo(2088 for

model i ng movement costs f oceaniCfighty. &Wkentheh ear wat er
direction of travel is 180 degrees relative to the flow direction, the fish experiences the full cost

of movementKF = 1), and the HF declines linearly between 180 and 0 de(ftgestion 5).
DO ™M TWINUYQAORQ) QESKEEQA QL 0 (5

Using leastcost path analysis, tlwst surface anthe horizontal factor aresedto calculate the
minimum costo move fom one habitat patch to another, whiskhenusedinstead of distance
in the probability of dispersal calculatidn.this way, the swimming ability of fish, as well as
the water velocity environmettiatthey must traverse between habitat patchex@porated

into a measure of overall habitat suitéil
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Application to Western Silvery Minnow in an augmented prairie river

The Milk River is a medium sized prairie riviiatflows through southern Alberta, Canada
before joining the Missouri River in Montaflgigure3-1). It is part of an intetbasin wagr

transfer progranthatannually diverts flow from the neighbouring St. Mary River into the Milk
River ODNRC and Reclamation, 20L2T'he flow augmentation period in the Milk River typically
lasts from April to October and increases discharge in the Mil&rRy roughly 15i 20 ni'/s for

the duration of the augmentation. Natural flow in the Milk River typically ranges frofri’/s.
Due to the Milk Riverodés connectionshwith the M
assemblage unique in Albeda well as several species at risk. Western Silvery Minadated

as Threatened in Albertdl(lk River Fish Species at Risk Recovery Team, 9@G0& Canada
(COSEWIC, 2008due to its limited distribution as well as the impacts to the population posed
by potential changes tmngoing hydrologic alteratiolCOSEWIC, 2008 Despite its threatened
status, little is known about the impacts of the flow augmentation on the Milk River population.
We chose this system to apply our new methodothgyto the incrased interest in the impacts

of hydrologic alteration on the habitat suitability and availability for Western Silvery Minnow.

FromJune to August of 2013, we sampled the fish community in the Milk River in southern
Alberta using a seine ndtish and habdt characteristics including water depth and velocity

were sampled at 128tes.Sites were grouped around 5 main access points, with sampling
completed at each access point for 2 days every two weeks during the sample period. Areas with
relatively slow meing water were preferentially selected for sampling due to the negative effect
of water velocity on seine net capture efficiency (Neufeld.ef@lL5. We develope@ habitat
suitability index HSI) based on this datasing multiple logistic regressiowjth water depth and

velocity as the independent variables and Western Silvery Minnow presence as the dependent
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variable.Bootstrapping was used to estimate 95 % confidence intervals around the parameter
estimatesThe model was validated usingdld cros-validation, with k equal to the number of
observations, 128. Area under the receiver operating characteristic curve (AUC) was calculated,
and the threshold valubatproduced the highest accuracy was used as theffdiatr predictng

Western Silvery Minow presence or absence.

In July (augmented flow) and October (natural flow) of 2014, we sampled habitat characteristics
at two siteson the Milk River, one approximately 1 km long, the other approximately 2 km long
(Figure3-1). Using anacoustic Dopplecurrent profiler (ADCP) and point measurements taken
with a handheld velocity meter, we surveyed water velocity and depth at both sites during both
time periodsThe density ohabitatsample points averaged 0.177 aver both sites and flow
statesWater velocity was averaged through the water column for measurements taken with the
ADCP, while handheld velocity measurements were taken at 40% of the depth. Flow direction
was also measured using the ADCP. All three metrics (water depth, water velatifipvan
direction) were interpolated across each entire site at‘ardsoiution using an inverse distance
weighted functionHSI scores were calculated for each 4pinel, and areas with scores higher
than the HSI threshold were considered habitat pat@mesfactor ANOVA was used toest for

differences in patch size between sites and flow states.

Using data obtainefilom fixed velocity fatigue testsve estimatedhe endurance swimming
ability of Western Silvery Minnow (Appendix 1), from which the movement cost function was
derived.By applying the movement cost function to the interpolated water velocity data, a
movement cost surface was created. A value of oseadided to the entire cost surface to
represent the baseline cost of traversing the surface. Usingtsagtath analysjsve calculated

the minimum cost of moving between egdair of habitat patches at both study sites during
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augmented and natural flowtes.Current direction was incorporated as a horizontal factor,
equalling 1 when travel direction was 1&€grees relativio current direction and declining
linearly to 0.1 when travel direction equalled current direcfldnis movement cost was usasl

a measure ddeparationnstead oEuclideandistancan determining the probability of dispersal
between patche3he value ofhieta () is ideally calibrated against observed or inferred
movement data, however that data was not available for this sgathm. As an alternativéne
probability of dispersal between each pair of habitat patwheshe resulting ECA values were
calculatedata range of values:0, 0.005, 0.01, 0.015, 0.02, 0.025, 0.05, 0.1, 0.2, 0.3, 0.4 and
0.5. The Euclideandistancewas also measured between each habitat patch, and the ECA was
calculated using that distance measure in the probability of dispersal calcfdatiom same

values off .

A mixed effects moddit by maximum likelihoodwvas used to determine the influence of flow
state, distance measure, gnan ECA, with site included as a random variable. Theta was
modeled as an exponentiat using the natural lagithmof thetain the mixed effects model.
We present the coefficiensttmates an@5% confidence intervals determined through
parametric bootstrappirap an indication of the influence each fixed effect has on RGAlata
analysis was performed in ArcGIS (ESRI, 2012) and R (R Core Team, 2013he&vitke of
packagesninpack.Im (Elzhov et al 2013), lattice (Sarkar, P8), ROCR (Sing et gl 2005),
boot(Canty and Ripley, 2033plotrix (Lemon 2@6), Ime4 Bates et a 2019, Rcpp
(Eddelbuettel and Francig011), Matrix(Bates and Maechler, 201 @andgplots(Warnes etla,

2015.
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Results

Bootstrappeddgistic regression used for the creation of the habitat suitability index identified
negative coefficients for both water depth.64, 95% CI1-0.42 t0-10.48) and waterelocity (-
3.13, 95% CI:2.80 t0-24.3) and an intercept of 3.91 (95% CI: 2.39 to 6.24)ese results
indicate a decline ihabitat suitabilitywith increasing water depth and velocity (Fig@¢2). The
model was most accurate (84%) at a threshold value oftBi68jas subsequently used ast
cutoff for delineating Western Silvery Minnow habitat patchegold cross validation

indicated a mean prediction error rate of 0.203.

Average water depth and velocity were lowering natural flow rates thaaugmentation (Table

3-1). There waslsoa highemumber of suitable habitat patctesda higher proportioof the

wetted areghatwas considered suitabieiring natural flow (Tabl&-1), though patch size did

not differ significantly by eithesite or flow stat Two-factor ANOVA, df = 1,1, kje= 1.901,

Friow = 1.019, Bite= 0.169, pow = 0.314).During augmented flow suitable habitat patches were
largely confined to the margins of the channel and adjacent to exposed sandbars, particularly in

Site 2 (Figures-3).

Western Silvery Minnow aturance swimminghality (see Appendix 1)corresponds to a cost

functionof:

8

DEVQEQEDO—— , (Figure3-4)

following the calculation technique presented abdean distance between habitat patches
increased during natural flow rates at both sites (Té2e The meamovement codbetween
habitat patches increased during natural flow at Site 1, and decreased during natural flow at Site

2 (Table3-2). Themeanmovement cosbetween habitat patches was lower than the mean
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Euclideandistance for both flow states and both siMevement costvas linearly related to
Euclideandistance between habitat patches, though each patch pair appeared to fall into one of
two dstinct linear relationshipsorresponding to upstream and downstream movement between
patch pairgFigure3-5). Distances and movement costs between habitat patches were generally
lower for Site lthanSite 2 as a result of thenger stream lengténcompassed by Sitg(Rigure

3-6).

Equivalent connected ar@@CA) was calculated using bothovement cosandEuclidean
distance as the measure in the probability of dispersal calculdtioen thetavasO, ECA
equakdthe sum of the areas of all thalditatpatches, and as theteereasedECA decling,
asymptoticallyapproaching the area of the largest single habitat pBighre3-7). The
logarithmof theta had aegativeeffect of-0.0150n ECA (Linear mixed effects model, 95% CI
=-0.019- -0.012, as might be expected frothe structure of the ECA and probability of
dispersal equation&ECA was higher during natural flow than augmented flow (Linear mixed
effects model, coefficient = 19, 95% CI = 0.109 0.130 and lower when calculated using
Euclidean distance between habitat patches (Linear mixed effects model, coeffidedilr;
95% CI1 =-0.028- -0.007). The site random effect accounted $8:0% of the random effect

variance.
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Discussion

The incorporation of swim performance into habstatability provides a novel technique for
assessing the impacts of hydrologic alterations on stream fishes. Compared to the use of
Euclidean distance to calculate probability of dispersal, our measure of movement cost was a
more realistic indicator of thseparation of habitat patches, integrating information about habitat
conditions (water velocity) and swimming ability. The use of cost measures other than distance
to assess dispersal of organisms has proven a useful tool for describing populatiorestruct
(Michels et al, 2001; LaRue and Nielsen, 2008; Wang et2809). When equivalent connected
area (ECA) was calculated using movement cost instead of distance between habitat patches, the
estimates of overall habitat suitability increased. Perhaps mmgortantly, estimated habitat
suitability for Western Silvery Minnow decreased during augmented flow in the Milk River

regardless of which measure of separation was used, distance or movement cost.

The increase in estimated habitat suitability when E¥a& calculated with movement cost was

due to the increased probability of dispersal between habitat patches resulting from a between
patch cost which was on average less than the between patch distance. This was the result of the
influence of water curreraind suggests that Western Silvery Minnow may be able to utilize the
current to assist movement between habitat patches. Horizontal factors such as water current
have been shown to assist movement in other fish species (Arnoldl&9dl; Hinch and Rand,

2000; Kettle and Haines, 2006), though more commonly in birds, insects and plants (Nathan et
al., 2002; Gonzale&olis et al, 2009; Chapman et.aP008) using wind to help disperse between
habitats. This assistance may be expected for downstream mdybowaver our results

indicate that the cost of between patch movement in the upstream direction was also usually

lower than the shortest distance.
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The nature of the horizontal factor provides a clear benefit for movement in the downstream
direction, wih movement costs reduced by up to 90% in the case of movement in the exact same
direction as the current (Felicisimo et, @008). However, reductions in the full movement cost
were still experienced with even small deviations from movement directlysagiagncurrent.

Obliqgue movements allowed for movement cost to be lower than distance even for movements
with a net upstream direction. This result highlights the need for further research into the
energetics and costs of downstream and oblique movemestsem fishes. Most research has
focused on measuring swimming ability when moving directly against the cumtale,in

natural environmentish can choose tmowve with, against or at an angle to the water current.

An important consideration wheomparing the estimates of habitat suitability calculated using

both measures of separation is the question of whether the movement cost values are directly
comparable to distance (ie. same units). Movement cost is measuréddndmwhen calculated
overthe distance between habitat patches, becomes unitless. As such, movement cost as defined
here is not a representation of distance, but rather both movement cost and distance are alternate
measures of the separation of habitat patches. The question bfméésure of separation is

more valid in describing the dispersal between habitat patches, should be assessed ideally
through validating both models against observed dispersal data, or a surrogate indicator of
dispersal (eg. genetic variation (Michels ket 2001)). Such data is unfortunately not available

for this study system and an examination of the underlying assumptions of our movement cost

function provides an initial assessment of the validity of the method.

Movement cost as defined here makesssvassumptions about fish behaviour and response to
water velocity. Least cost path analysis by definition identifies the route between two points that

minimizes the cost, and this depends upon having a complete knowledge of the entire landscape
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(Adriaersen et al 2003). With constantly shifting sandbars and high turbidity in the Milk River,
Western Silvery Minnow may have limited knowledge of their environment beyond their
immediate vicinity. Some studies have shown that despite this, observed anieatents do
approximate least cost paths (Janin et28l09; McElroy et aJ 2012), suggesting that some
species are able to select these theoretically ideal pathways. Standéa08alfound Sockeye
SalmonOncorhynchus nerkpreferentially selected lagively low velocity routes through slow
portions of the Seton River, British Columbia. McElroy e(2012) showed that Pallid
SturgeonScaphirhynchus albusollowed routes through the Missouri River that minimized
movement cost, suggesting an abitiypredict habitat features beyond their immediate
perception and select close to optimal routes by fish in a turbid prairie river. These studies

suggest least cost path analysis can provide a realistic model of fish movement in rivers.

Our movement modihg also assumes fish are choosing the optimum swim velocity and that the
scale of the model is appropriate. Studies have shown that some species, particularly those that
undertake largscale migrations, tend to optimize swim speeds (Hinch and Rand, Qase

Santos, 2005). Western Silvery Minnow are known to undertake upstream movements of at least
14 km over a short time period (K. Neufeld, unpublished data), which suggests that long
migrations may be a component of their life history. If so, opation of swim speed is a

reasonable assumption, though further investigation into this component of their life history is a
critical area of future research. The observed long distance movement also supports the scale at
which movement was modelled. Stugyaches were ~2 km long, which is well within the

range of potential movement for the species. Additionally, the size of cells within the modelled
habitat should be smaller than any influential feature in the environment (Adriaensen et al

2003). Whilefish have been shown to utilize vortices, nonlinear flow and small pockets of slow
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moving water to reduce swimming costs (Garner, 1999; Hinch and Rand 2000; Lia@@d3y,
these feature are likely evenly distributed and relatively uncommon dueuoitben substrate

and habitat at our study site (AMEC, 2008).

To broaden the applicability of our results, further work should be done to measure the
swimming ability of Western Silvery Minnow of different lengths, and at different water
temperatures. Ouesults are based on swim tests run on adug3BBm Western Silvery

Minnow tested at 17 °C for consistency. Body size has been shown to have a large effect on
swimming capabilities (Drucker and Jensen, 1996; Peake £986; Muller et al 2000), ad

young of the year individuals would likely have much lower swimming capacities than adults,
along with higher movement costs. The effects of augmented flow and the associated higher
water velocities would be exacerbated for smaller individuals, with mermtpotential and

habitat suitability further decreased. Water temperature also has a large impact on swim
performance (Brett, 1967; Kauffman and Wieser, 1992; Ficke,&l1), and the complete

range of swimming ability of the species is not represkrirett (1967) showed that swimming
ability of fish peaks, declining both above and below an optimal temperature. Work by Bestgen
et al (2010) on the Rio Grande Silvery Minnddybognathus amaruand Ficke et a(2011) on

the Brassy Minnowybognathudankinsonsuggest that Western Silvery Minnow may have

peak endurance capabilities at a temperature greater than 17 °C. During much of the year, water
temperatures in the Milk River exceed 17 °C, and movement cost estimates may be reduced for

this periodif endurance capabilities are higher.

The method described here provides a new tool for those who wish to incorporate powerful
movement modelling capabilities with habitat suitability assessments. Modelling the movement

of fish in stream systems has begven a boost by the advent of easy to use GIS interfaces and

52



the applicability of these systems has been demonstrated by others (eg. Le Pich@0@§ al
McElroy et al, 2012). Still, there is abundant opportunity for further development and
refinemenif these modelling techniques. Circuit theory offers an alternative to graph theory for
modelling connectivity of habitat patches that could incorporate the effects of alternate pathways
(McRae et al] 2008). Movement functions may be based on concelps titan swimming

ability, such as drag (McElrost al, 2012) or energetics (eg. unified foraging theory (Railsback

et al, 1999)). Dispersal could also be described as a leptokurtic distribution (Skalski and Gilliam,
2000), rather than a normal distritlmst, which maymatchwell with described alternatavim
behaviours in fishife. norperformers in swim tests; Adams et @000;Parsons and Smiley,

2003. While numerous options exist for further refinement, we feel that the movement cost

function desdbed here provides a strong basis on which to build.

The results of this study indicate that during augmented flow, habitat suitability for Western
Silvery Minnow is reduced. Consistently across all three metrics, HSI, ECA calculated using
distance, and €A calculated using movement cost, the amount of available suitable habitat was
lower during augmented flow in July 2014 than natural flow in October, 2014. This may have
important implications in the event of further alterations to flow in the Milk Rivih

additional augmentation unlikely to provide additional suitable habitat. Spawning and
overwintering habitats must also be considered when predicting the impacts of hydrologic
alteraton on the specie3he spawning requirements of Western Silvery ibw are not

currently well understood, with closely related species utilizing pelagic broadcast spawning
(Plains MinnowHybognathus placitufRee et al 2005]; Rio Grande Silvery Minnow
Hybognathus amary®latania and Altenbach, 1998)). If it is a petagroadcast spawner, low

flows and the associated lower water velocities may be detrimental to egg survival and
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recruitment (Platania and Altenbach, 1988). Overwintering habitat is a potentially limiting factor
for the species, especially in the Milk Riwenere drought has at times reduced winter flows to

nil and caused large de#fs when isolated pools dry up or freeze (RL&L Environmental

Services Ltd., 2002). In these instances, increased flow in winter months may ensure that
adequate overwintering haai exists, and prevent increased mortality. As more information
becomes available on spawning and overwintering habitat requirements, that data can be
compiled with the information presented here to provide a more complete picture of the impacts

of hydrologic alteration on Western Silvery Minnow.

We have described a method for incorporating movement cost into habitat suitability
assessments for freshwater fishes. Our movement cost function, while strongly correlated with
distance, provides an alternatethwal for estimating probability of dispersal that includes the
mechanistic influences of swimming ability and water velocity. While we have demonstrated the
utility of this method, validation against observed dispersal data is needed to determine its
accuacy. We have also shown that flow augmentation in the Milk River of southern Alberta is
likely reducing the amount of suitable habitat for Threatened Western Silvery Minnow and
increasing the cost of movement between habitat patches. Movement in thewdillaiRhe

scale assessed is likely critical to the ability of Western Silvery Minnow to recolonize dewatered
reaches and for the continued persistence of the species. Any inhibition of this movement may

have detrimental effects on the species.

54



Literatur e Cited
Adams R, Hoover JJ, Killgore KJ. 1999. Swimming endurance of juvenile pallid sturgeon,

Scaphirhynchus albus. Copeia 1999:-807.

Adams SR, Hoover JJ, Killgore KJ. 2000. Swimming performance of the Topeka Shiner
(Notropis topeka) and endangereddviestern minnow. The American Midland Naturalist

144: 178186.

Adriaensen F, Chardon JP, De Blust G, Swinnen E, Villalba S, Gulinck H, Matthysen E. 2003.
The applicabsovtd mbdél easg as a functional

Urban Plannig 64: 233247.

AhmadiNedushan B, Stlilaire A, Bérubé M, Robichaud E, Thiémonge N, Bobée B . 2006. A
review of statistical methods for the evaluation of aquatic habitat suitability for instream

flow assessment. River Research and Applications 225383

AMEC Earth and Environmental. 2008. Study of erosion and sedimentation on the Milk River.

Submitted to the Milk River Watershed Council Canada, Milk River, Alberta. 135 pp.

Arnold GP, Walker MG, Emerson LS, Holford BH. 1994. Movements of cod (Gadus majhua
in relation to the tidal streams in the southern North Sea. ICES Journal of Marine Sciences

51: 20#232.

Bates D, Maechler M, Bolker B, Walker S. 20Ime4:Linear mixedeffects models using

Eigen and S4R packageversion: 1.17.URL: http://CRAN.Rproject.org/package=Ime4

Bates D, Maechler M. 201Matrix: Sparse and dense matrix classes and metRoplackage

version: 1.20. http://CRANR-project.org/package=Matrix

55


http://cran.r-project.org/package=lme4
http://cran.r-project.org/package=Matrix

Beami sh FWH. 1978. ASwimming Capacityo in

PressNew York, New York, USApp 101188.

Bestgen KR, Mefford B, Bundy JM, Walford CD, Compton RI. 2010. Swimming performance
and fishwaymodel passage success of Rio Grande Silvery Minnow. Transactions of the

American Fisheries Society 139: 4338.

Blanchett S, Loot G, Dodson JJ. 2008. Competition, predation and flow rate as mediators of

direct and indirect effects in a stream food ch@ecologia 157: 9304.

Boisclair D. 2001. Fish habitat modeling: from conceptual framework to functional tools.

Canadian Journal of Fisheries and Aquatic Sciences-88: 1

Brett JR. 1964. The respiratory metabolism and swimming performance of youngesockey

salmon. Journal of the Fisheries Research Board of Canada 21(5)t122@3

Brett JR. 1967. Swimming performance of sockeye salmon (Oncorhynchus nerka) in relation to
fatigue time and temperature. Journal of the Fish&esearciBoard of Canada 24: 113

1741.

Bunn, SE, Arthington AH. 2002. Basic principles and ecological consequences of altered flow

regimes for aquatic biodiversity. Environmental Management 365092

Canty A, Ripley B. 2013oot: BootstrapR (S-Plus)functions.R package ersion 1.39.

CastreSantos T. 2005. Optimal swim speeds for traversing velocity barriers: an analysis of
volitional high-speed swimming behavior of migratory fishes. Journal of Experimental

Biology 208: 421432.

56

Fi

S



Chapman JW, Reynolds DR, Mouritsen H, Hill JK, Ril&, Sivell D, Smith AD, Woiwod IP.
2008. Wind selection and drift compensation optimize migratory pathways in-fyhgh

moth. Current Biology 18: 51818.

COSEWIC. 2008. COSEWIC assessment and update status report on the western silvery
minnow Hybognthus argyritis in Canada. Committee on the Status of Endahgere

Wildlife in Canada. Ottawa. iiv+ 38 pp. (Www.sararegistry.gc.ca/status/status_e.cfm).

Cotterell SP, Wardle CS. 2004. Endurance swimming of diploid and triploid Atlantic salmon.

Journal of Fsh Biology 65: 558.

De Kerckhove DT, Smokorowski KE, Randall RG. 2008. A primer on fish habitat models.

Canadian Technical Report of Fisheries and Aquatic Sciences 2817: iv + 65 p.

DNRC, Reclamation. 2012. St. Mary River and Milk River Basins Study SuynReport. U.S.

Department of the Interior, Bureau of Reclamation. 46 pp.

Drucker E, Jensen J. 1996. Pectoral fin locomotion in the striped surfperch. I. Kinematic effects

of swimming speed and body size. The Journal of Experimental Biology 19922235

Dudgeon D, Arthington AH, Gessner MO, Kawabata Z, Knowler DJ, Lévéque C, Naiman RJ,
PrieurRichard A, Soto D, Stiassny MLJ, Sullivan CA. 2006. Freshwater biodiversity:

importance, threats, status and conservation challenged. Biological Reviews 832163

Dudley RK, Platania SP. 2007. Flow regulation and fragmentation imperil pslagmrmning

riverine fishes. Ecological Applications 17: 202@86.

Dunning JB, Danielseon BJ, Pulliam HR. 1992. Ecological prosdisaeaffect populations in

complex landscape Oikos 65: 169.75.
57



Dynesius M, Nilsson C. 1994. Fragmentation and flow regulation of river systems in the

northern third of the world. Science 266: 76&2.

Eddelbuettel D, Francois R. 2ZDIRcpp:Seamless R and C++ integratidournal of Statistical

Software 40:118. URL: http://www.|statsoft.org/v40/i08/

Elzhov TV, Mullen KM, Spiess A, Bolker B. 201finpack.Im:R interface to the Levenberg
Marquardt nonlinear leasiguares algorithm found in MINPAC plus support for bounds.

R Packageversion 1.18. http://CRAN.Rproject.org/package=minpack.lm

ESRI. 2012. ArcGIS Desktop: Version 10.1. Redlands, CA: Environmental Systems Research

Institute.

Fagan WF. 2002. Connectivity, fragmentation, and extinction risk in dendritic metapopulations.

Ecology 83: 32438249.

Farrell AP, Gamperl AK, Birtwell IK. 1998. Prolonged swimming, recovery and repeat
swimming performance of mature sockeye salmon Ornyomtius nerka exposed to
moderate hypoxia and pentachlorophenol. Journal of Experimental Biology 201(14): 2183

2193.

Felicisimo AM, Munoz J, Gonzale3olis J. 2008. Ocean surface winds drive dynamics of

transoceanic aerial movements. PLos One 3: e2928.

Ficke AD, Myrick CA, Jud N. 2011. The swimming and jumping ability of three small Great
Plains fishes: implications for fishway design. Transactions of the American Fisheries

Society 140: 1521531.

58


http://www.jstatsoft.org/v40/i08/
http://cran.r-project.org/package=minpack.lm

Fraser DF, Gilliam JF, Yitoi T. 1995. Predation as an agehpopulation fragmentation in a

tropical watershed. Ecology 76: 146472.

Garner P. 1999. Swimming ability and differential use of velocity patches by 0+ cyprinids.

Ecology of Freshwater Fish 8: &8.

GonzalezSolis J, Felicisimo A, Fox JW, Afanasy®y Kolbeinsson Y, Munoz J. 2009.
Influence of sea surface winds on shearwater migration detours. Marine Ecology Progress

Series 391:22230.

Graf WL. 1999. Dam nation: A geographic census of American dams and theistaige

hydrologic impacts. Water Resrces Research 35: 130811.

Hammer C. 1995. Fatigue and exercise tests with fish. Comparative Biochemistry and

Physiology Part A: Physiology 112:2D.

Haro A, CastreSantos T, Noreika J, Odeh M. 2004. Swimming performance of upstream
migrant fishes iroperrchannel flow: a new approach to predicting passage through

velocity barriers. Canadian Journal of Fisheries and Aguatic Sciences 611@8&GR0

He P. 1991. Swimming endurance of the Atlantic cod, Gadus morhua L., at low temperatures.

Fisheries Resedncl2: 6573.

He P, Wardle CS. 1988. Endurance at intermediate swimming speeds of Atlantic mackerel,
Scomber scombrus, herring, Clupea harengus L., and saithe, Pollachius virens L.. Journal

of Fish Biology 33: 255266.

59



Hinch SG, Rand PS. 2000. Optimal swimmspeeds and forwaiaksisted propulsion: energy
conserving behaviours of uprivarigrating adult salmon. Canadian Journal of Fisheries

and Aquatic Sciences 57: 242a78.

Hobbs NT, Hanley TA. 1990. Habitat evaluation: Do use/availability data reflegirca

capacity? The Journal of Wildlife Management 54:-523.

Hoffman AL, Olden JD, Monroe JB, Poff NL, Wellnitz T, Wiens JA. 2006. Current velocity and

habitat patchiness shape stream herbivore movement. Oikos 11568358

Huey RB. 1991. Physiologicabnsequences of habitat selection. The American Naturalist 137:

S91S115.

Jain KE, Birtwell IK, Farrell AP. 1998. Repeat swimming performance of mature sockeye
salmon following a brief recovery period: a proposed measure of fish health and water

quality. Canadian Journal of Zoology 76: 148896.

Janin A, Léna J, Ray N, Delacourt C, Allemand P, Joly P. 2009. Assessing landscape
connectivity with calibrated costistance modelling: predicting common toad distribution

in a context of spreading agricultureudnal of Applied Ecology 46: 83341.

Jelks HL, Walsh SJ, Burkhead NM, ContreBadderas S, DiaPardo E, Hendrickson DA,
Lyons J, Mandrak NE, McCormick F, Nelson JS, Plantania SP, Porter BA, Renaud CB,
SchmitterSoto JJ, Taylor EB, Warren Jr ML. 20@onservation status of imperiled North

American freshwater and diadromous fishes. Fisheries 334372

60



Johnson PTJ, Olden JD, Vander Zanden MJ. 2008. Dam invaders: impoundments facilitate
biological invasions into freshwaters. Frontiers in Ecology aadEtivironment 6: 357

363.

Kauffman R, Wieser W. 1992. Influence of temperature and ambient oxygen on the swimming

energetics of cyprinid larvae and juveniles. Environmental Biology of Fishes-83:87

Kettle AJ, Haines K. 2006. How does the European emfjg(fla Anguilla) retain its population
structure during its larval migration across the North Atlantic Ocean? Canadian Journal of

Fisheries and Aquatic Sciences 63:1915.

Kieffer JD. 2000. Limits to exhaustive exercise in fish. Comparative Biochenaistry

Physiology Part A: Molecular and Integrative Physiology 126(2): 161

LaRue MA, Nielsen CK. 2008. Modelling potential dispersal corridors for cougars in
midwestern North America using leagist path methods. Ecological Modelling 212: 372

381.

Le Pichon C,Gorges G, Boét P, Baudry J, Goreaud F, Faure T. 208fatially explicit
resourcebased approach for managing stream fishes in riverscapes. Environmental

Management 37: 32335.

Lemon J 2006. Plotrix: a package in the red light district of RN&ws, 6(4): 812.

Liao JC, Beal DN, Lauder GV, Triantafyllou MS. 2003. Fish exploiting vortices decrease muscle

activity. Science 302: 1566569.

61



Maitland BM, Poesch M, Anderson AE, Pandit SN. 2015. Industrial road crossings drive
changes in community sttture and instream habitat for freshwater fishes in the boreal

forest. Freshwater Biology. doi: 10.1111/fwb.12671

McElroy B, Delonay A, Jacobson R. 2012. Optimum swimming pathways of fish spawning

migrations in rivers. Ecology 93: Z%.

McRae BH, DicksoBG, Keitt TH, Shah VB. 2008. Using circuit theory to model connectivity

in ecology, evolution, and conservation. Ecology 89: 27124.

Michels, E, Cottenie K, Neys L, De Gelas K, Coppin P, De Meés2001. Geographical and
genetic distances among zooplankton populations in a set of interconnected ponds: a plea
for using GIS modelling of the effective geographical distance. Molecular Ecology 10:

19291938.

Milk River Fish Species at Risk Recovergdm. 2008. Alberta Western Silvery Minnow
Recovery Plan, 2008013. Alberta Sustainable Resource Development, Fish and Wildlife

Division, Alberta Species at Risk Recovery Plan No. 16. Edmonton, AB. 54 pp.

Mittelbach GG. 1981. Foraging efficiency and bothesA study of optimal diet and habitat use

by Bluegills. Ecology 62: 1370386.

Moilanen A, Hanski I. 2001. On the use of connectivity in spatial ecology. Oikos 99:5147

Muller UK, Stamhuis EJ, Videler JJ. 2000. Hydrodynamics of unsteady fish swgrandhthe
effects of body size: comparing the flow fields of fish larvae and adults. Journal of

Experimental Biology 203: 19206.

62



Murchie KJ, Hair KPE, Pullen CE, Redpath TD, Stephens HR, Cooke SJ. 2008. Fish response to
modified flow regimes in regulated/ers: Research methods, effects and opportunities.

River Research and Application 24: 1277.

Nathan R, Katul GG, Horn HS, Thomas SM, Oren R, Avissar R, Pacala SW, Levin SA. 2002.

Mechanisms of longlistance dispersal of seeds by wind. Nature 418:44(0

Nelson JA, Gotwalt PS, Reidy SP, Webber DM. 2002. Beyond U crit: matching swimming
performance tests to the physiological ecol
stripbéb. Comparative Biochemistry wnd Physio

Physiology 133(2): 28302.

Neufeld KR, Poesch MS, Watkinson DA. 2015. The effect of hydrologic alteration on capture
efficiency of freshwater fishes in a highly modified prairie stream. River Research and

Applications DOI: 10.1002/rra.2913.

Ottaway EM,Forrest DR. 1983. The influence of water velocity on the downstream movement

of alevins and fry of brown trout, Salmo trutta L.. Journal of Fish Biology 232271

Parsons GR, Smildy. 2003. The effect of environmental changes on swimming performénce o

the white crappie. Journal of Environmental Ecology 18989

Peake S, Beamish FWH, McKinley RS, Scruton DA, Katopodis C. 1996. Relating swimming
performance of lake sturgeon, Acipenser fulvescens, to fishway design. Canadian Journal

of Fisheries and Agptic Sciences 54: 13611366.

Perkin JS, Gido KB. 2012. Fragmentation alters stream fish community structure in dendritic

ecological networks. Ecological Applications 22: 2127k87 .

63



Poos, MS, Jackson DA. 2012. Impact of spesjascific dispersal and regial stochasticity on
estimates of population viability in stream metapopulations. Landscape Ecology 27: 405

416.

R Core Team. 2013. R: A language environment for statistical computing. R foundation for

Statistical Computing, Vienna, Austria. URL http://wviRsproject.org/.

Railsback SF, Lamberson RH, Harvey BC, Duffy WE. 1999. Movement rules for individual

based models of stream fish. Ecological Modelling 123893

Ree DE, Carr RJ, Miller WJ. 2005. Plains Minnow (Hybognathus placitus): a technical
conservation assessment. USDA Forest Service, Rocky Mountain Region. Available:

http://lwww.fs.fed.us/r2/projects/scp/assessments/plainsminnow.pdf [31/10/2015]

Ricciardi A, Rasmussen JB. 1999. Extinction rates of North American freshwater fauna.

Conservatia Biology 13: 12261222.

RL&L Environmental Services Ltd. 2002. Fish species at risk in the Milk River, Albdréde
Winter Survey. Report prepared for Department of Fisheries and Oceans, Freshwater

Institute, Winnipeg. RL&L Report No. 022008D: 13p.

Rodriguez MA. 2002. Restricted movement in stream fish: the paradigm is incomplete, not lost.

Ecology 83: 113.

Rosenfeld JS, Boss S. 2001. Fitness consequences of habitat use for juvenile cutthroat trout:
energetic costs and benefits in pools and rifflemadian Journal of Fisheries and Aquatic

Sciences 58: 58593.

64



Rosenfeld J. 2003. Assessing the habitat requirements of stream fishes: an overview and
evaluation of different approaches. Transactions of the American Fisheries Society 132:

953-968.

Sarkar D 2008. Lattice Multivariate data visualization with R. Springer, New York. ISBN-978

0-387-759685.

Saura S, Estreguil C, Mouton C, Rodrigtezire M. 2011. Network analysis to assess
landscape connectivity trends: Application to European forests. ¢tcaldndicators 11.:

407-416.

Sawyer SC, Epps CW, Brashares JS. 2011. Placing linkages among fragmented habitats: do
leastcost models reflect how animals use landscapes? Journal of Applied Ecology-48: 688

678.

Schadt S, Knauer F, Kaczensky P, Revilla Ee§Eind T, Trepl L. 2002. Ruleased assessment
of suitable habitat and patch connectivity for the Eurasian Lynx. Ecological Applications

12:14691483.

Sing T, Sander O, Beerenwinkel N, Lengauer DR2&ROCR: visualizing the classifier

performance in R. Binformatics, 21:7881. URLhttp://rocr.bioinf.mpisb.mpg.de

Skalski GT, Gilliam JF. 2000. Modeling diffusive spread in a heterogeneous population: a

movement study with stream fish. Ecology 81: 1-4890.

Standen EM, Hinch SG, Rand PS. 2004. Influence of river speed on path selection by migrating
adult sockeye salmon (Oncorhynchus nerka). Canadian Journal of Fisheries and Aquatic

Sciences 61: 90912.

65


http://rocr.bioinf.mpi-sb.mpg.de/

Tierney KB, Kasurak AV, Zielinski BS, Higgs DM. 2011. Bwning performance and invasion

potential of the round goby. Environmental Biology of Fishes 92:5021

Tischendorf L, Fahrig L. 2000. On the usage and measurement of landscape connectivity. Oikos

90: 719.

Tischendorf L, Fahrig L. 2001. On the use ofgectivity measures in spatial ecology. A Reply.

Oikos 95: 152155.

Toepfer CS, Fisher WL, Haubelt JA. 1999. Swimming performance of the Threatened Leopard
Darter in relation to road culverts. Transactions of the American Fisheries Society 128:

155161.

Van Horne B. 1983. Density as a misleading indicator of habitat quality. The Journal of Wildlife

Management 47: 89301.

Videler JJ, Wardle CS. 1991. Fish swimming stride by stride: speed limits and endurance.

Reviews in Fish Biology and Fisheries 1:23.

Waiwood KG, Beamish FWH. 1978. Effects of copper, pH and hardness on the critical
swimming performance of rainbow trout (Salmo gairdneri Richardson). Water Research

12: 6116109.

Wang 1J, Savage WK, Shaffer HB. 2009. Landscape genetics anddsagtath nalysis reveal
unexpected dispersal routes in the California tiger salamander (Ambystoma californiense).

Molecular Ecology 18: 136%374.

Warnes GR, Bolker B, Bonebakker L, Gentleman R, Liaw WHA, Lumley T, Maechler M,

Magnusson A, Moeller S, Schwartz M, Mables B. 2015gplots:Various R programming
66



tools for plotting dataR packageverison: 2.16.0http://CRAN.R

project.org/package=gplots

Warren DR, Likens GE, Buso DC, Kraft CE. 2008. Statusdastgibution of fish in an acid
impacted watershed of the northeastern United States (Hubbard Brook, NH). Northeastern

Naturalist 15:375390.

Wofford JEB, Gresswell RE, Banks MA. 2005. Influence of barriers to movement on-within
watershed genetic variati of coastal cutthroat trout. Ecological Applications 15:-628

6370.

67


http://cran.r-project.org/package=gplots
http://cran.r-project.org/package=gplots

Figures

Figure3-1.TheMilk River of southern Alberta, Canada. The study area indicates the extent of
the Western Silvery Minnow sampling in 20tttwas used to create the habitat suitability
index. Site 1 (a), and Site 2 (b) indicate the extent of water depth and velocity sampling in July

and October of 2014.
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