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Running title:Species traits predict connectivity in frégastract (250 word limit)
Comparative landscape genetics has uncovered high levelsvafiability in which
landscapesfactors affect connectivity amongpecies and regions. Howevethe
relativerimpertance of species traits vs. environmental variation for predicting
landscape patterns of connectivitys unresolved.We provide evidence froma
landscape genetics studgf two sister taxa of frogs, the Oregon spotted frog Rana
pretiosa)rand the Columbia spotted frog R. luteiventris) in Oregon and Idaho, USA.
Ranapretiosa is relatively more dependent ormoisture for dispersal than R.
luteiventris, so if species traits influence connectivity, we predietl that connectivity
amongR.pretiosa populations would be more positivelyassociatedvith moisture
than Reluteiventris. However, if environmentaldifferencesare important drivers of
gene flow'we predicted that connectivity would be more positively related to
moisture in arid regions. We tested these predictions using eight microsatellite loci
and gravity models in twoR. pretiosa regions and fourR. luteiventris regions f =
1,168 frogs): InR. pretiosa, but not R. luteiventris, connectivity was positively
related-ster-mean annual precipitation supporting our first prediction. In contrast,
conneetivity was not more positively related to moisture in more arid regions.
Various temperature metrics were important predictors for both species and in all
regions, but the directionality of their effects varied Therefore, the pattern of
variation in drivers of connectivity was consistent with predictions based on species

traits rather than on environmental variation.
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1 INTRODUCTION

Connectivity is essential for long-term persistence of populations and metapopulations
(Crooks.& Sanjayan 2006). Functional connectivity is the degree to which individuals
move through déandscapgewhichis affectedby landscape features and environmental
heterogeneityTischendorf & Fahrig 2000Dne way connectivity can increase
population persistence is through the demographic contribution of naunmtsgto
population.growth rate, termed demographic rescue (Brown & Kodricbrown 1977).
Populationspersistence can alsa@eased by connectivity that leads to genetic rescue,
defined aghe increase in population fithess (population size or growth rates) by the
immigration of new allele¢Tallmon, Luikart & Waples 2004; Whiteley, Fitzpatrick,

Funk & Tallmon 2015).

Landscape genetitess which landscape and environmental factors best explain
genetie connectivity among populations or individuals (Balkenhol, Cushman, Storfer &
Waits 2016; Manel, Schwartz, Luikart & Taberlet 2003; Stoefeal. 2007; Storfeet al.
2010) and highlight which landscape features need to be maintained or enhanced to
facilitate ‘connectivity for different species. Moreover, when connectivity is affected by
temperature, or precipitatiorgridscape genetics can suggest organismal responses to
climate change. For example, future increases in temperature may decrease connectivity
for speciesmwhich gene flow isiegatively related teemperatureSimilarly, decrease
in water availability cold decrease connectivity for species in which gene flow is
positively related to moistur@oldberg & Waits 2010; Pillioét al. 2015).

In general, omparative landscapggenetic studies have found that taetas
affectingeonnectivity vary considerahlgven amongpecieghat occupy similar
landscapeand have similar ecological niches (Aparicio, Hampe, FernaGdealio &
Albaladejo2012; Dudaniest al.2016; Engleet al.2014; Frantzt al.2012; Goldberg
& Waits 2010; Poelchau & Hamrick 2012; Richardson 2012; Stetfat.2007;

Whiteley, MeGarigal & Schwartz 201%Vultsch, Waits & Kelly 2016). Thus, the
relative influence of landscape factanrs gene flow is context dependeDbes this mean
thata landscpe genetic studwill be necessary for every species and region for which an

understanding of connectivity is desired? This would be a daunting prospect for managers
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charged with conservation of biodiversity, because obtaining these data for the thousands
of threatened species in the wowduld belogistically unfeasible Alternatively, t

would be useful if the factors that affect connectivity could be predicted Qyidiiary

traits as crosspecies predictions may then be mdem example, if connectivity is
positively.telated to forest cover for most forest obligate species, then perhaps a similar
relationship‘forother foresspecies for which no landscape genetic data have been
collectedecould be assumgdee Goldberd Waits2010).Landscape genetics can help

test thanfluence ofspecies traiten the environmental factors that govern connectivity
among populations.

Weusera landscape genetics approaduduress this question two closely related
speciesof frog—the Oregon spotted froBana pretiosgBaird & Girard 1853and
parts of theGreat Basirand Northern cladesf the Columbia spotted frodRana
luteiventris(Thompson 1913) er which maintaining connectivity isonsidered a
conservation priorityPilliod et al. 2015).We predictedhatdriversof functional
connegtivity would vary among regions, given differencespecies traitsas well as
dissimilaritiesin environmentatharacteristicamong regiondn particular, we expected
the prenouncedradient of decreasy precipitationgoing fromwestto eastwould shape
connegtivity for these wetland breeding amphibians.

We predicted that metrics of moisture availability should be stronger predagtor
connectivity inR. pretiosadue totherelativdy greater dependence on moisttoe
population'connectivity (Pearl, Adams & Leuthold 2009; WatsorINster & Pierce
2003), compared tB. luteiventris for which overland dispershhs beemlocumented
(Goldberg & Waits 2010; Pilliod, Peterson & Ritson 2002hen considering regional
differences in environmental conditionge expected that connectivity would be
positively.related to precipitation or moisture gradieRifli¢d et al. 2015). For example,
we expected thdesert sites in eastern Oregon and southwestern tddtave lower
connectivitythan the Cascad@&gere moisture is abundahe also expected
connectivity to be negatively related to temperature because high maximum temperatures
may limit dispersal duentthreat of desiccation. Thusverall, we expected that

connectivity would bgositively related to moisture and negatively related to temperature
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in bothspecieshowever, the relative importance of these metrics will also depetiae

importance of spEes traits versus environmental variation in driving connectivity

2 METHODS AND MATERIALS

2.1 Study species

We estimated-connectivity fé&. pretiosafrom two regions (Klamath and Deschutes) and
R. luteiventrigrom four regions (central Oregon, Blue Mountains in northeastern
Oregon, seutheastern Oregon, and Owyhee in southwestern [@aédyvo sister
speciesR. pretiosaandR. luteiventris breed and lay eggs in ponds, lakes, wetlands, and
backwaters of rives andmetamorphsee in late summer or early fgFunk et al. 2008;
Green, Sharbel, Kearsley & Kaiser 1996; Greeal. 1997) Rana luteiventriglisperse
relatively soorafter metamorphosis or subsequently as juveniles prior to becoming
sexually"maturewith most dispersal occurring in their first sumr{RReaser & Pilliod
2005).“Timing and life stages Bf pretiosadispersabreless understood than f&x.
luteiventris Rana luteiventriss known to travel long distancess{imated seasonal
migration ~400 — 1000m, isolated reports of 5 — 6.5 km) and cross upland (Buthi®
Hayes 20041; Engle 2001; Fuekal.2005a; Pilliodet al.2002; Reaser 1996). In contrast,
R. pretiesaypically hassmaller home rangesmaller seasonatigration distances (200

— 500m, with isolated reports okrh) and very rarely strays from wetlan@Blouin,
Phillipsen&Monsen 2010; Chelgn, Pearl, Adams & Bowerman 2008; McAllisegral.
2004; Pearl & Hayes 2005; Watsenal. 2003).

There aretherimportant differences between these spe&easapretiosais
relativelymore aquatic thaR. luteiventris(Blouin et al. 2010; Funlet al.2005a; Funk,
GreenéCorn & Allendorf 2005b) aihés eyes that are more dorsally oriented. This eye
orientation‘ishypothesized to be adaptive for floating at the surface of the (Gxeen
et al. 1997). The range of Great Baspopulationsof R. luteiventrifdescribed below) is
muchrdrier than that d®. pretiosaThus,R. pretiosamay be more reliant on
precipitation; due to their closer association with moistoweGreat BasirR. luteiventris
may be morelependent on moisturkie to their arid habitats.

Both R. pretiosaand Great Basipopulationsof R. luteiventrisare of conservation

concernRanapretiosawas historically found in southwestern British Columbia, the
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Puget Trough of Washington, the Willamette Valley of Oregon, an@#lseade

Mountains of Washington, Oregon, and California. ExBnpretiosaare concentrated in
the upper Deschutes River and Klamath River basins on the eastern flank ofgtwe Ore
Cascades, and in portions of western Wagioin and southwestern British Columbia
(Pearl &Hayes 2005)t was recently listed as Threatened under the U.S. Endangered
Species Act due tloss and alteration of its marbhabitats (USFWS 2014). The historic
range ofR"luteiventrisstretches fronthe southern Yukon, Canada, to Nevada and Utah
and includeshree major clade@-unket al.2008).Great Basirpopulations occupy

springs, ponds, argtreamsn southeastern Oregon, southwestern Idaho, and Nevada
(Arkle & Rilliod 2015). The Great Basin clade has experienced localized declines and is
consideredra taxon of conservation concern in Oregon, Nevada, and ldaho, although not
warranted for listing under the Endangered Species Act as of 2015 (USFWS 2015).

2.2 Field sampling

We collected tissue frorfh, 168frogs from 77 sites across the six regiongh an average
of 12 sites per region (Fig. 1, Table Wje analyzed. pretiosasamples from the
Deschutesy(24 sites) and Klamath (19 sites).R Heateiventrisn our analysis were
collected.frem the northern (18 sites) and the Great Basin (16 sites) dladeszerage,
minimum and maximum distances withiachregion are provided in Table Slissue
samplesconsisted ofoe clips and buccal swabs from ad@E®ldberg, Kaplan &
Schwable 20039r tail clipsfrom tadpoles (Murphy, Dezzani, Pilliod & Storfer 2010) .
We collected samplegduring spring and summer (April through September) in 2007—
2012.

2.3 'Labaratory methods

We extracted genomic DNfkom bothtail and toeclips and buccal swalssing the
Qiagen DNeas®lood and Tssuekit (QiagenyalenciaCA) and amplified every
individual of both specieat eight microsatellite loci in two multiplex reactiofdurphy,
Dezzani, Pilliod & Storfer 2010). We never included full siblings (larvae sampied fr
the same clutch and from different yeak followed the PCR protocol and all

laboratory steps that are detailedMaorphy et al. (2010) including: usingegative
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182 controls (reagents only) at both extiian and PCR stages, includisgmples with

183 known genotypes in every run, and random sampling of 10% of the samples for
184 reamplificationto assess genotyping err®CR products were visualized on an

185 ABI3730xL Data AnalyzefApplied Biosystemsjsing the GeneScan LIZ500 (Applied
186 Biosystemsyize standard. Genotypes were binned and visually verified using

187 GENEMARKER (SoftGenetics 2010).

188

189 2.4 'Data analysis
190 2.4.1'Ropulation structure

191 Wetested for possible null allelés MicROCHECKER(van Oosterhout, Weetman &

192 Hutchinson 2006and divergence from Hardy-Weinberg (HW) proportions and linkage
193 disequilbrium (LD) in GENEPoOPVER4.0.10(Rousset 2008)Ve estimated pairwisest
194 betweenall'sites within and among regions and assessed for significAreEgUIN

195 VER3.5(Excoffier & Lischer 2010)Weinferredthe number of genetic cluste#s) (for
196 each species using theogram SRUCTURE VER2.3.3 (Pritchard, Stephens & Donnelly
197 2000). SRUcCTUREImMplements a Bayesian clustering algorithnmtier the best-

198 supportedsaumber of cluste#s)(in the sample and the proportion of each individual’s
199 genome.assigned to each clustg) pasedon Hardy-Weinberg proportions angametic
200 phase disequilibrium, and then assigns each individual to one or more dlonsides
201 conditions=burAn 100,000 iterations; 3,000,000 iterations post baoradmixture

202 model; correlated allele frequenci&ss= 1-15; 10 replicates for eadf). We selecte&
203 based on the AK method (Evanno, Regnaut & Goudet 2005) and the posterior probability
204  of K given the daté@Pritchardet al. 2000).

205 We estimated the relationship between overland distance and genetic distdnce
206 predictedthat the slopeould be steeper fdR. pretiosadue to the relatively more

207 restricted'overland movementkh pretiosacompared tdR. luteiventrisWe tested for
208 isolationhby-distancgIBD) using amantel teswith Fst and distanceimplemented in R
209 VER2.4.1 (999 repetitions)sing the ader4 packag@/e calculated the? and slope for
210 each study region using a linear model.

211

212 2.4.2 Characterizing environmental variation among regions
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213 We performed a PCAnthe at site and between site landscape characteristics to test
214  whether regions vary in ecological and abiotic factors, and thus demonstrating that we
215 modeled functional connectivity in distinct ecological regifiregendre & Legendre

216 2012; prcomp in stats package (variables centered and scalled) in progaan RCA

217 included.29andscape variables hypothesized to affect connectivigy pretiosaandR.

218 luteiventris.including variables related to site productivity, temperature, moisture,

219 topography,"and habitéee Table 2)

220

221 2.4.3'kEunctional connectivity

222 We usedsingly-constrainegravity modeldased on a saturated netwtokest the
223 relative importance of different landscape variables on conneciefigirately for each of
224  our six regionsGravity modelsemploy a networkasedapproachor testingwhich

225 landscapefactors best predict functional connect{f#btheringham & O'Kelly 1989).
226 Gravity'models integrate three components to model functional connectpattyal

227  proximity, or.distance between sit@g), the productivity/attraction of individuals from/to
228 each site (at site), and the resistance of intervening habitat between sites to flow
229 (betweeneitec) ((Murphy, Dezzani, Pilliod & Storfer 2010)Ve calculated Nei’'s chord
230 distance«(Pa), estimatéa MICROSATELLITE ANALYZER (Dieringer & Schloetterer 2003)
231 andused (1 — Da, i.€flow” ) as a measure of connectivity in gravity modéle

232 selected"Darfor these analysis as: 1) it is highly correlated witlopiap of shared

233 alleles(Dps) used in the justification of gravity models for landscape gefidtigshy et
234 al. 2010), 2) is more familiar to population geneticists, and 3) does not make equilibrium
235 assumptions.

236 We implémented singlgonstrainedyravity models in R in packagee@ETIT (Evans
237 and Murphy.2015) A complete list of all variables tested in gravity models, the

238 ecologicalijustification for each, and data sources are shown in Table 2. We irnbleided
239 geographic distandeetween sitegwn) in each gravity model, as a measure of spatial
240 proximity iS‘requiredas part bthe gravity form We assessed at site characteristirs (
241 that couldinfluence the production of potential migrants that would contribute to gene
242 flow (singly-constrainedyravity model, production constrainificluding: compound

243 topographic indexdti_F)elevation(elev_F), and solar exposure (heat load indexFli
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Between sitesd], we included several variables thought to limit or promote connectivity
(meantemperature, moisture, topography, and habitat condiflangharacterize

variables between sites, we sampled the network edge every 30 m and calculated the
mean yvalueNlurphy et al.2010; Evans and Murphy 2015).

We linearized the equation for the gravity models by taking the natural log of the
response variable {lba) and all predictor variables (Tablea?)d then estimated the
singly-constrained gravity model ugim mixed effects modé(Murphy et al. 2010,
implemented in GNETIT. For a detailed discussion of gravity models and
implementation in landscape genetics, see Mugttal. (2010) and GNETIT for details
of specificifunctions in R (Evans and Murphy 215

In orderfor analyses to be comparable across regiaeid all possible variable
combinations up to three parameters plus geograjptignce The total possible number
of gravity models containing up to three prediatariabless 3213 models. However, the
actual number of gravity models implemented in our analyses varied by region because
modelssthat containestronglyco-varyingvariablegPearson’s > 0.7) were dropped
from analysesAlso, the snall number ofsites in southeastern Oregon precluded analyses
of more.than oneariable (plus distanceg)er model. Thus, our analyses are based on the
following number of gravity models per region: Deschutes (3213); Klamath (3213);
central Oregon (2516); Blue Mountains (2516); southeastern Oregon (17); Owyhee
(3204).Overall parameter weights for each variable were summed across all gravity
modelsyallowing us to evaluate the overall effect of each variable on functional
connectivity.Parameter weights for each variable were calculated for each region as the
sum of the Akaike weights for each model that included thenginariablg Burnham &
Anderson 1998)We used parameter weights to asskeselativeimportance of each
variablefor functional connectivityWe used betastimategrom univariatemodels to
infer a, given variable’s directional effect on connectivity (whether it facilitptedr
impededq-] connectivityTable ).

One"possible explanation for variation among regions in the models selected is that
the predictor variables chosen #nese with the highest level of variance in the given

region, rather than that the predictor variable is biologically more imp¢&antt Bullet
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al. 2011).To test this possibility, we calculated the coefficient of variation (CV) for each
landscapeariablein each region.

3 RESULTS

3.1 Population structure
No loci'sheweckvidence of linkage disequilibrium (LD), and in general, loci conformed
to HardyWeinberg (HW) propdions (Table 1)Genotyping error was low (< 0.04%).
We detected very high levels of genetic subdivistosy) between the tw&. pretiosa
regions(Esr'= 0.539) and among the foRr luteiventrigegions(Fst mean[rangd =
0.405 [0.197-0.61p. FstVvalues were variablemong sites within eadR. pretiosa
region (Klamath = 0.218 [0.00 — 0.G0®eschutes = 0.165 [0.00 — 0.5B&hd within
eachR, luteiventrisregion(central Oregon = 0.052 [0.00 — 0.]5&lue Mountains =
0.207 [07077 — 0.38bsoutheastern Oregon = 0.173 [0.048 — 0]20%yhee = 0.288
[0.012=0169(). The delineation of six genetic units was strongly supported by regional
Fst estimates and Bayesian assignment teSrrRuCTURE (Pritchardet al. 2000),
validated by delta K (Evanret al. 2005). SRucTUREidentified threedistinct regions of
R. pretiosaand3 regions oR. luteiventrigfSoutheastern Oregon/Blue Mountains,
OwyheegCentral; Fig. S1for R. pretiosaKlamath was divided into two genetic demes
when K=6. However, we selected to consider Klamath as a single region for the
landscapergenetic analydescause the Klamath is distinct biogeographic region with
continuously distributed sites. Moreover, our plot of IBD (genetic vs. geographic
distance) did not detect any distinct genetic groups within the Klamath régaiprse),
suggesting genetic subdivision is not strong within this reg\@further delineated
Southéastern Oregon from Blue Mountains (despite assignment to the same dewhe) ba
on three factors: sites from these two regions are geographically iseldtet suitable
intervening froghabitat sites occur in distinct habitat types (Southeastern Oregon is in
the high desert and Blue Mountains is coniferous mountain range); high, significant,
pairwiseF stiestimates between the two regions (range = 600637 average = 0.105; all
p-value < 0.001).

Patterns ofBD varied by region (Fig. 2, Fig. S2). Theo desert sitefor R.
luteiventris(southeastern OR and Owyhee, Fighadthe steepest IBD (slopedjhe two
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305 more mountainouR. luteiventrigegions (Blue Mountains arantral OR)had the

306 shallowesiBD. Finally, R. pretiosashowedan intermediate degred IBD, with a

307 slightly steeper slope for Deschutes populations (relatively greaterasatéithose

308 sites).

309

310 3.2 |Ratterns of environmental variation among regions

311 Our PCA’identied environmental differences among our study regions, primarily in
312 variables related to precipitation and temperature @igrhe Deschutes and Klamath
313 basins,wher®. pretiosas found, were wetter (as indicated by positive loadings for
314 compaund topgraphic index [ctiland mean annual precipitation [map]) and had higher
315 mean minimum temperatures than the four regions Ritluteiventrigcentral Oregon,
316 Blue Mountains, southeastern Oregon, and Owyhee). Conversely, the regions occupied
317 by R.luteiventrishad highemean maximum temperatures dodgerfrost free periosd,
318 despitereceurring dtigher elevation thaR. pretiosasites. Overall, the PCA serves to
319 demonstrate that we model functional connectivity in distinct, ecologicalnggi

320

321 3.3 Functional connectivity

322 Three mainsesults emerged from our gravity madelst, connectivity wamore

323 positively related to moistur@a$ measured hyean annual precipitation [mapdr R.

324  pretiosathan forR. luteiventrigFig. 4). Further connectivity was negatively related to
325 mean annual precipitation two R. luteiventrigegions, the Blue Mountains and

326 Owyhee. Second, the directionality of the relationships between connectivity and
327 temperature (whether temperature facilitated or impedadectivity) varied among

328 regionS.and'were not aligned with our general expectations based on temperature
329 variation among regions. For exampkmperature (as measuredrgan maximum

330 temperature [mmax] and mean minimum temperature [mmin]) was ideragiad

331 impertant predictor of connectivitipr both species and all six regiongFig. 4). In

332 general, and as expectesdmevariables had higher variance than others, but there was
333 no apparentelationship between parameter weight and(EMs. S3, S4Table S2.

334

33 4 DISCUSSION
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336 We found support for species traits havagironger influence than environmental

337 variation in determining connectivity in our systdprecipitation was more important for
338 the more aquatic speci@R. pretiosqacompared to the species living in asiriandscape
339 Thissuggestshatunderstandinglifferences in species traits caelp predict the relative
340 importance. of landscape factaosconnectivity These results also concur with previous
341 research thahows, while botlspecies are aquatic and require water for survival and
342 reproductionR. pretiosas highly dependent on wet habitat for dispef§aieenet al.

343 1997; Watsoret al. 2003) and that connectivity amoRy luteiventrissites is not

344 predicted by stream distance, but by overland topographic dig@ntberg & Waits

345 2010; Murphyet al.2010). Additionally, the PCA results supported auariori

346 expectatiom'thaR. pretiosaoccupies wetter sites with less extreme temperatures (higher
347 mean minimum temperature, but lower mean maximum temperaturel thabeiventris
348 We found little support for our environmental variation hypothlessauseonnectivity
349 was not positively related to moisture availability in the hot, dry conditions of the high
350 desertperhapbecausdR. luteiventrigs adapted to relatively dry conditions in desert
351 sites(Pilliod‘et al. 2015).

352 Ourfindings add to evidendkat show that species traits daglp predict which

353 factorswwill affect connectivityDudaniecet al. 2016; Engleet al.2014; Frantzt al.

354 2012; Goldberg & Waits 2010; Richardson 2012; Setdas. 2010; Whiteleyet al.

355 2014; Wultschet al. 2016). For exampldalifferences in landscape genetic patterns were
356 attributed'to,ecological (species) traitsa comparative landscape genetics study of two
357 co-occurringamphibians in arthernidaho, the long-toed salamandamn(bystoma

358 macrodactylumand the Columbia spotted frog.(luteiventriy. Goldberg and Waits

359 (2010).found thamoisture gradients were meimportant for population connectivityr
360 A. macrodactylumwhereas gene flow was facilitated layd cover with low physical

361 structure (e«0., agricultuand clear cuarea$ for R. luteiventris Another example of the
362 importance of species traits walsserved for three woodland marsupials in the same
363 landscape,in Queensland, Australia. In this study, genetic connectivity was largely
364 associated with foliage protective cover for two glider species (sugar glider and squirrel
365 glider), whereas connectivityas facilitated by understory and fallen timber for the

366 yellow-footed antechinus, a groudeelling marsupia(Dudaniecet al. 2016).
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367 We found high variability among regions in the factors affecting connectivity and in
368 the directionality of their effects on connectivity. That is, no two regions haciuhe s

369 highly weighted variables (Fig. 4), which may not be surprising due to local adaptation
370 and/orthat we testedarge rumber of models. However, this finding is still consistent
371 with otherstudies showing pronounced variation in landscape patterns of connectivity
372 amongregias, even within the same species in similar landsodjedk et al. 2005a;

373 Short Bulletal. 2011; Trumbo, Spear, Baumsteiger & Storfer 2013). For example, Short
374 Bull etal’(2011) tested 36 alternative landscape genetic models for black Uesus (

375 americanu¥in 12 landscapes with similar basic elements, but differences in features
376 such as:forest fragmentation, altitude, and roads. They found that the landscaps featu
377 that affected connectivity differed significantly among these landscapes, partly due to
378 differences in the level of variability in these featui&hile CV was not obviously

379 related to parameter weight in our studlys possiblehat overall differences bgeen

380 regions,(overall range of parameters and range of conditions in a given region) combined
381 with bielegical differences between species would result in differences in factors driving
382 functional‘eonnectivity by region.

383

384 4.1 _~Variable effect of temperature on connectivity

385 Temperature was important for connectivity in all regiges, the directionality of

386 temperature effects differed among regions (E)gextreme values of temperature may
387 influence connectivity, especialifythe temperaturerosses a biologidstrelevant

388 thresholdFor instance, consider mean maximum temperature (mmax) ard me

389 minimum temperature (mminReschutes is warmer than other regiavsich may

390 explaim whyshigh mmax values impede connectivity for Bhipretiosaegion. Hot

391 temperatures mayoweverpe less detrimental R. luteiventriddue to differences in

392 desccationsrisk between speciékhisrelationshipivasobserved in the Blue Mountains

393 and seutheastern Oregon: bettow that mmax facilitates connectivapd bothshow a

394 large rangesin maximum temperatu(espplemental material, Fig. S2). Temperature

395 extremes couldlso be correlated with snow melt or other ecological processes critical

396 for connectivity.
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397 If functional connectivity is at least partiacontroled by temperature, then the

398 potential effects of climate change on connectivity are a conservation cémcérese

399 threatened populations of frosrobler, Mdumo & Minter 2003; Hangartner, Laurila &
400 Raesaenen 2011; Pillied al.2015; Rasanen, Laurila & Merila 2008ome climate

401 models predict that, on average, continental air temperatures will rise@p2t decade,
402 annualprecipitation will increase2lo per deade, and extreme climatic events, such as
403 droughtstand floods, will become more comniBarrowset al.2011; Mote & Salathé

404 2010).ForR: luteiventrisprojected climate change predicted to have large, negative
405 effects on Great Basin populationsif luteiventrisdue to the loss of suitabédimate

406 and habitatytherebgxacerbang the genetic consequenagssmall and isolated

407 populationgPilliod et al. 2015).

408 There is\general agreement that the overall effects of climate change will vary across
409 the range of a speci€araujo, Thuiller & Pearson 2006; Avolio, Beaulieu & Smith 2013;
410 Blair, Jimenez Arcos, Mendez de la Cruz & Murphy 2013; Pauls, Nowak, Balint &

411 Pfenningeri2013), and this appears to be the caserftarget species. In our study, frog
412 connectivity was associatedth paths withow temperatures two regions ¢entral

413 Oregon.and the Owyhebt with high temperatures the Blue Mountains and

414 soutteastern Oregofor R. luteiventrisFor R. pretiosaextreme temperatures (both high
415 and lowtemperaturgsreduced connectivity in Deschutes, whereas connectivity was
416 facilitated by high maximum temperatuiaKlamath Thus, for all regions, shifts in

417 temperature and aquatic wetland availability is likelglisrupt connectivity patterns,

418 with thesimportant caveat that changes to climate will alter both temperature as well as
419 seasonal water availability and breeding site connec{iitijod et al. 2015).

420

421 4.2 Effects of other landscape factors on connectivity

422 At siterelevation (elev_F) was positively related to connectivity in central Oregon (Fig.
423  4), suggesting that high elevation sites were important sources of immigrarustrast
424  Owyhee sites showeddecline in genetic diversity at high elevations, indicating isolation
425 of high elevation sites in central Idaho (Fig. 8¢veral other landscape factors not

426 related to climate were includé@dour modelgo control for their effectsather than test

427 predictions In some cases, these landscape variables explained significant variation in
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447
448
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450
451
452
453
454
455
456
457
458

genetic distancé he aly habitat variable that explained significant variation in
connectivitywasthe presence of impervious surfaces (imper), such as roads and
development, which impede population connectivity in the Blue Mountains. This finding
was cansistent with research that showed that roads commonly act as impediments to
amphibian.dispersal (e.g., Goldberg & Waits 2010; Murgthgl. 2010). The only
topographic vadble related to connectivity was fiseale surface relief ratio (ssr3),

which was positively related to connectivity for both the Blue Mountains and Owyhee
Fine-scaletopographic complexity mégcilitate movemenby providing microclimatic
refuges fromheat/cold or desiccatipand could prove to be important in light of
projected.ehanges in climatéinally, the presence of predatory fish limit functional
connectivity in populations dR. luteiventrisn subalpine ecosysteni§lurphyet al.

2010). However, our models did not include the presence of predatobetiahsave

did not have data on the presence of predatory fish (or wetland depth as a surrogate) for

all regions.

4.3 Conservation implications
Our study.haseveralconservation implications. First, our finding that gene fisw
positively correlated withmean annugdrecipitationin R. pretiosan both the Deschutes
River and Klamath River basissipports previous work indicatinigat this species is
highly dependent on areas with high precipitation for dispersal. As such, connectivity
among'sitessmay be reduced by landscape changieeducenoisture availability. A
previous‘eensus study for Klamath and Deschutes populations indicated that Klamath
populationsvere at greater risk of local extirpation due toltveer number of egg
masseiand greater distance among breeding @rearlet al. 2009). However, our
estimates-oisolation by distancdo notnecessarilysupport this conclusion: Deschutes
and Klamath populations are relatively eqguaierms of overall genetic isolatigwith
Deschutes slightly merisolated; Fig. £ suggesting thdbng term persistence oth of
thesemajordrainagewill rely heavily on aquatic systems for population connectivity.
Althoughmean annual precipitatiomas associated with loweobnnectivityin
two R. luteiventrigegions (Blue Mountain and Owyhethis does not imply that

moisture is not important fahis speciesFuturereductions in moisture outside the
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current range of variability could reduce habitat availability and connectiRiitiod et

al. 2015).0ur measures dBD show thaR. luteiventrigpopulations in Southeastern
Oregon and the Owyhee have relatively greater isolation at smaller spatial scales
(steepest slopes), indicating overall reduced connecthatyever, the results for
Southeastern Oregon should be interpreted with caution, given the few number of sites
studied.in that regiorin contrast, the two more mountaindrisluteiventrigegions (Blue
Mountains‘and central OR) had the shallowest IBD, consistent with greater oatynect
among'sites, even though connectivity among Blue Mountain populations is impeded, in
small part, bympervious surfaced he finding that Blue Mountain palations are

relatively less isolated is consistent with egg mass census data which show these
populations'to be relatively large (Pearl, Adams & Wente 2007).

In sum, we detected variability in thendscape factotha affectconnectivity The
variation in thedirectionality of their effects suggests that information on connectivity
from one region may be a poor surrogate for inferring connectivity in a relatedsspecie
differentregionThat is, f it is deemed impaant to have an accurate understanding of
the landscape factors affectingnnectivity for a species of conservation conctra,
emerging consensus from comparative landscape genetics studies is that apécies
regionspecific studies are necesshgcause of the high level of variability in
connectivity in different regions and species.

ACKNOWLEDGEMENTS

This research was funded by the U.S. Bureau of Land Management, the U.S. Fish and
Wildlife, Service, the Sunriver Nature Center, the Oregon Community Foundation,
Nationallnstitute of Food and AgricultureSAES— University of Wyoming, and project
WYO-5360-14. We thank J. Evans for use of the Geomorphometrics toolbox (Beta test
version)'and L. Chan for helpful comments on earlier drafts of this manuscript. The
research was approved by the Institutional Animal Care and Use Committee at Colorado
State University (0952A-01). Any use of trade, firm, or produames is for

descriptive purposes only and does not imply endorsement by the U.S. goverihhignt.

is product number XXX of the U.S. Geological Survey’s Amphibian Research and

Monitoring Initiative.

This article is protected by copyright. All rights reserved



490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519

References

Aparicio A., Hampe A., Fernandez-Carrillo L., Albaladejo R. G. (2012) Fragmemtati
and comparative genetic structure of four mediterranean woody species:xcomple
interactions between life history traits and the landscape cobiggtsity and
Distributions18(3), 226-235.

Araujo-M=B.=Thuiller W., Pearson R. G. (2006) Climate warming and the decline of
amphibians and reptiles in Eurogeurnal of Biogeograph$3(10), 1712-1728.

Avolio M. L., Beaulieu J. M., Smith M. D. (2013) Genetic diversity of a dominant C-4
grass is altered with increased precipitation variabiégcologial71(2), 571-

581.

Baird S. F.} Girard C. (1853) No titleroceedings of the Academy of Natural Scisrafe
Philadelphia6(378-379).

Balkenhel:N:, Cushman S. A., Storfer A. T., Waits L. P. (2@Es)dscape Genetics:
Coneepts, Methods, Applicatioidley Blackwell, Oxford.

Blair Cf, Jimenez Arcos V. H., Mendez de la Cruz F. R., Murphy R. W. (2013)
Landscape genetics of letafed geckos in the tropical dry forest of northern
Mexico.PLoS ONBB(2), e57433-e57433.

Blouin*M. S., Phillipsen I. C., Monsen K. J. (2010) Population structure and conservation
genetics of the Oregon spotted frog, Rana pretidsaservdon Geneticsl1(6),
2179-2194.

Brownd. H.; Kodricbrown A. (1977) Turnover rates in insular biogeograpfigct of
immigration on extinctionEcology58(2), 445-449.

Bull E/ L., Hayes M. P. (2001) Post-breeding season movements of Columbia spotted
frogsiRana luteiventrisin northeastern OregoWestern North American
Naturalist61(1), 119-123.

Burnham«K:'P., Anderson D. R. (1998pdel selection and multimodel inference: a
practical information-theoretic approacBpringer New York, New York, USA.

Burrows MuT ., Schoeman D. S., Buckley L., Bt al.(2011) The Pace of Shifting
Climate in Marine and Terrestrial Ecosystef@sience (Washington D C)
334(6056), 652655.

This article is protected by copyright. All rights reserved



520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549

Chelgren N. D., Pearl C. A., Adams M. J., Bowerman J. (2008) Demography and
Movement in a Relocated Population of Oregon Spotted FRaysa(pretiosa
Influence of Season and Gendgopeid4), 742-751.

Crooks K. R., Sanjayan M. (2006pnnectivity Conservation: Maintaining Connections
for.NatureCambridge University Press, Cambridge.

DelaneyK. S., Riley S. P. D., Fisher R. N. (2010) A Rapid, Strong, and Convergent
Genetic Response to Urban Habitat Fragmentation in Four Divergent and
Widespread VertebrateBLoS ONE5(9),
https://doi.org/10.1371/journal.pone.0012767

Dieringer Ds, Schloetterer C. (2003) MICROSATELLITE ANALYSER (MSA): A
platform independent analysis tool for large microsatellite dataMetscular
Ecolagy Note$§(1), 167-169.

Dudaniec R. Y., Wilmer J. W., Hanson J, €t al.(2016) Dealing with uncertainty in

landscape genetic resistance models: a case of thh@xoming marsupials.
Molecular Ecology25(2), 470-486.

Engle J: C+(2001opulation Biology and Natural History of Columbia Spotted Frogs
(Rara Luteiventris) in the Owyhee Uplands of Southwest Idaho: Implications for
Monitoring and ManagemenBoise State University.

Engler J. O., Balkenhol N., Filz K. J., Habel J. C., Rodder D. (2014) Comparative
landscape genetics of three closely related syrigphesperid butterflies with
diverging ecological trait$?LoS ONEI(9).

Evans, 3:S¢, Murphy M.A. (2015). GeNetlt. R package version 0.1-0.

Evanno G., Regnaut S., Goudet J. (2005) Detecting the number of clusters of individuals
using,the software STRUCTURE: a simulation stidglecular Ecologyl4(8),
2611-2620.

Excoffier L.y Lischer H. E. (2010) Arlequin suite ver 3.5: A new series of prog@ms t
perform population genetics analyses under Linux and Winddaiecular
Ecology ResourceB)564-567.

Fishburn K. A., Carswell W. J. J. (2017) US Topo—Topographic maps for the Nation
(ed. 2017-3045 USGSFS), p. 2.

This article is protected by copyright. All rights reserved


https://doi.org/10.1371/journal.pone.0012767�

550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

Fotheringham A. S., O'Kelly M. E. (1988patial interaction models: formulation and
applications Kluwer Academic, Dordrecht.

Frantz A. C., Bertouille S., Eloy M. Cet al.(2012) Comparative landscape genetic
analyses show a Belgian motorway to be a gene flow barrier for redQizeu$
elaphug, but not wild boarsSus scrofa Molecular Ecology21(14), 3445-3457.

Fry J., Xian/G., Jin Set al.(2011) Completion of the 2006 National Land Cover
Database for the Conterminous United Sta@&®togrammetric Engineering &
Remote Sensingr(9), 858-864.

Funk W. C., Blouin M. S., Corn P.,%t al.(2005a) Population structure of Columbia
spotted frogsRana luteiventrisis strongly affected by the landscap®lecular
Ecology14(2), 483-496.

Funk W. C.,)Greene A. E., Corn P. S., Allendorf F. W. (2005b) High dispersal in a frog
species suggests that it is vulnerable to habitat fragmentBimagy Léters
1(1), 13-16.

Funk W=Cy Pearl C. A., Draheim H. Met al.(2008) Range-wide phylogeographic
analysis of the spotted frog compldXajpa luteiventrimndRana pretiospain
northwestern North Americdolecular Phylogenetics and Evolutid®§(1), 198-
210.

Gessler P. E., Moore I. D., McKenzie N. J., Ryan P. J. (1995) Soil-landscape modeling
and spatial prediction of soil attributésternational Journal of Geographical
Information Systen®(4), 421-432.

Goldberg.€. S., Kaplan M. E., Schwable C. R. (2003) From the frog's mouth: buccal
swabs for collection of DNA from amphibiartderpetological Revie\84220-

221.

Goldberg.C..S., Waits L. P. (2010) Comparative landscape genetics of two pond-breeding
amphibianspecies in a highly modified agricultural landscayelecular Ecology
19(17), 3650-3663.

Green Dr,.Sharbel T., Kearsley J., Kaiser H. (1996) Postglacial range fluctuatieti¢c ge
subdivision and speciation in the western North American spotted frog complex,
Rana pretiosaEvolutior874-390.

This article is protected by copyright. All rights reserved



580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609

Green D. M., Kaiser H., Sharbel T. F., Kearsley J., McAllister K. R. (1997) Cryptic
species of spotted frogs, Rana pretiosa complex, in western North America.
Copeigdl), 1-8.

Grobler J. P., Mafumo H. B., Minter L. R. (2003) Genetic differentiation among five
populations of the South African ghost frétgleophryne natalensi8iochemical
Systematics and Ecolo@i(9), 1023-1032.

Gryz' J.Krauze D. (2008) Mortality of vertebrates on a road crossing the Biebleg Val
(NE"Poland) European Journal of Wildlife Researbi(4), 709-714.

Hangartner S., Laurila A., Raesaenen K. (2011) Adaptive divergence of the moor frog
(Rana arvali along an acidification gradierBMC Evolutionary Biology. 1366-
Article No.: 366.

Legendre Py, Legendre L. (2012umerical Ecolog¥lsevier, Amsterdam.

Manel S., Schwartz M. K., Luikart G., Taberlet P. (2003) Landscape genetics: Combining
landscape ecology and population geneficends Ecol Evolut8(4), 189-197.

McAllisterK. R., Wdson J. W., Risenhoover K., McBride T., Adams M. J. (2004)
Marking and radiotelemetry of oregon spotted frdgana pretiosa
Northwestern Naturalis35(1), 2025.

McCune™B., Keon D. (2002) Equations for potential annual direct incident radiation and
heatload.Journal of Vegetation Sciend&(4), 603-606.

Moore'l. D., Gessler P. E., Nielsen E. E., Petersen G. A. (1993) Terrain attributes
estimation methods and scale effectsModeling Change in Environmental
Systemgeds. Jakeman AJ, Beck MB, McAlad), pp. 189-214. Wiley, London.

Mote P. W., Salathé E. P. (2010) Future climate in the Pacific Northwe$hdn:
Washington climate change impacts assessment: evaluating Washington’s future
In.a.changing climate, climate impacts gromiversity of Washington, Seattle,
Washington.

Mungerd:"C., Gerber M., Madrid Ket al.(1998) U.S. national wetland inventory
classifications as predictors of the occurrence of Columbia spotted Raga (
luteiventrig and Pacific treefrogdHyla regilla). Conservation Biologi2(2),
320-330.

This article is protected by copyright. All rights reserved



610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640

Murphy M. A., Dezzani R., Pilliod D. S., Storfer A. (2010) Landscape genetics of high
mountain frog metapopulationiglolecular Ecologyl9(17), 36343649.

Palo J. U., O'Hara R. B., Laugen A, &t al.(2003) Latitudinal divergence cbmmon
frog (Rana temporariglife history traits by natural selection: Evidence from a
comparison of molecular and quantitative genetic datdecular Ecologyl2(7),
1963-1978.

Pauls S:"U."Nowak C., Balint M., Pfenninger M. (2013) The impact of gtinadte
change on genetic diversity within populations and speldiekecular Ecology
22(4), 925-946.

Pearl C: AmpAdams M. J., Leuthold N. (2009) Breeding habitat and local population size
of the Oregon spotted fror@na pretiospin Oregon, USANorthwest Naturalist
90136-147.

Pearl C. A., Adams M. J., Wente W. H. (2007) Characteristics of Columbia spotged f
(Rana luteiventrisoviposition sites in northeastern Oregon, U®BAestern North
American Naturalis67(1), 86-91.

Pearl C: AiyHayes M. P. (2005) Rana pretiosa, Oregon spotted frégnpiibian
DReclines: The Conservation Status of United States Sgedeksannoo MJ), pp.
577-580. University of California Press, Berkeley, CA.

Pilliod D. S., Arkle R. S., Robertson J. M., Murphy M. A., Funk W. C. (2015) Effects of
changing climate on aquatic habitat and connectivity for remnant populations of a
wide-ranging frog species in an arid landscdpeology and EvolutioB(18),
3979-3994.

PilliodD. S., Peterson C. R., Ritson P. I. (2002) Seasonal migration of Columbia spotted
frogs (Rana luteiventrisamong complementary resources in a high mountain
basin.Canadian Journal of Zoology-Revue Canadienne De ZooRi¥ikl),
1849-1862.

Poelchau™. F., Hamrick J. L. (2012) Diffetexh effects of landscaplevel
environmental features on genetic structure in three codistributed tree species in
Central AmericaMolecular Ecology21(20), 4970-4982.

Pritchard J. K., Stephens M., Donnelly P. (2000) Inference of population structure using
multilocus genotype dat&eneticsl552), 945-959.

This article is protected by copyright. All rights reserved



641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671

Rasanen K., Laurila A., Merila J. (2003) Geographic variation in acid stress tolerance of
the moor frogRana arvalis|. Local adaptatiorEvolution57(2), 352-362.

Reaser J. K. (1996ana pretiosdspotted frogs). VagilityHerpetol Re\27(4), 196-197.

Reaser J. K., Pilliod D. S. (200Bgmna luteiventrisColumbia spotted frog. In:

Amphibian Declines: The Conservation Status of United States Sfexties
Lannoo MJ). University of California Pre®®erkeley, CA.

Rehfeldt'GE., Crookston N. L., Warwell M. V., Evans J. S. (2006) Empirical analyses
of'plantclimate relationships for the western United Stdtgsrnational Journal
of Plant Science$67(6), 1123-1150.

RichardsonyJ. L. (2012) Divergeminidscape effects on population connectivity in two
co-occurring amphibian specig@dolecular Ecology21(18), 4437-4451.

Rousset F. (2008) Genepop'007: a complete reimplementation of the Genepop software
for Windows and LinuxMolecular Ecology Resourc&03-106.

Selkoe K. A., Watson J. R., White,@t al.(2010) Taking the chaos out of genetic
patchiness: seascape genetics reveals ecological and oceanographic drivers of
genetic patterns in three temperate reef spadielecular Ecologyl(17), 3708-
3/26.

Short.Bull R. A., Cushman S. A., Mace, Bt al.(2011) Why replication is important in
landscape genetics: American black bear in the Rocky Mounkdoiscular
Ecology2((6), 1092-1107.

SoftGeneties (2010) GeneMarker. State College, PA.

Storfer'Aq=Murphy M. A., Evans J. St al.(2007) Putting the 'landscape’ in landscape
geneticsHeredity98(3), 128-142.

Storfer, A., Murphy M. A., Spear S. F., Holderegger R., Waits L. P. (2010) Landscape
genetics: where are we nowilecular Ecologyl9(17), 3496-3514.

Tallmon D. A., Luikart G., Waples R. S. (2004) The alluring simplicity and complex
reality of genetic rescud@rends in Ecology & Evolutioh9(9), 489-496.

Thompsen H. B. (1913) Description of a new subspeci&aah pretiosdrom Nevada.
Proceeding of the Biological Society of Washing@sb3-55.

Tischendorf L., Fahrig L. (2000) How should we measure landscape connectivity?
Landscape Ecologyx(7), 633-641.

This article is protected by copyright. All rights reserved



672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695

696

697
698
699

700
701

Trumbo D. R., Spear S. F., Baumsteiger J., Storfer A. (2013) Rangewide landscape
genetics oin endemic Pacific northwestern salamanil@lecular Ecology
22(5), 1250-1266.

USFWS (2014) Endangered and Threatened Wildlife and Plants; Threatened Status for
Oregon Spotted Frog (ed. Fish and Wildlife Service 1).

van Ogsterhout C., Weetman D., Hutchinson W. F. (2006) Estimation and adjustment of
microsatellite null alleles in nonequilibrium populatio®lecular Ecology
Notes6(1), 255256.

Vogelmann J. E., Howard S. M., Yang kt al.(2001) Completion of the 1990's
National Land Cover Data Set ftire conterminous United States.
Photogrammetric Engineering and Remote Sens8itg0-652.

Watson J. W., McAllister K. R., Pierce D. J. (2003) Home ranges, movements, and
habitat selection of Oregon Spotted Frdgar{a pretiosp Journal of
Herpetology37(2), 292-300.

WhiteleysAuR., Fitzpatrick S. W., Funk W. C., Tallmon D. A. (2015) Genetic rescue to
therescueTrends in Ecology & EvolutioB0(1), 4249.

Whiteley A. R., McGarigal K., Schwartz M. K. (2014) Pronounced differences in genetic
structure despit overall ecological similarity for two Ambystoma salamanders in
the same landscap@onservation Genetics(3), 573-591.

Wultsch C., Waits L. P., Kelly M. J. (2016) A Comparative Analysis of Genetic Diversity
and-Structure in Jaguars (Panthera onca), Pumas (Puma concolor), and Ocelots
(eopardus pardalis) in Fragmented Landscapes of a Critical Mesoamerican
Linkage ZonePL0oS ONELL(3).

DATAACCESSIBILITY

Microsatellite datas available in Dryad® digital repository with
doi:10:5061/dryad.5n18790

AUTHOR CONTRIBUTIONS

This article is protected by copyright. All rights reserved



702
703
704
705
706
707
708

J.M.R., M.A.M, and W.C.F.: Research concept and design; C.A.P., M.J.A., W.C.F., and
S.M.H.: Sample collection; M.I.P., J.M.R., and M.A.M.: Microsatellite genotyping;
J.M.R., M.A.M., and M.I.P.: Data analysis; J.M.R., W.C.F., M.J.A. &@&.M.: Writing

the article; All authors: Critical revision and final approval of the article.

Supporting.information

Additional supporting information may be found in the online version of thidear

This article is protected by copyright. All rights reserved



Table 1 Sampling site information for R. pretiosa (RAPR) and R. luteiventris (RALU) across six study regions

Species State  Region/abbreviation Site name # UTM UTM Elev Datum/zone N Ho He HW

easting northing (m)

RAPR OR Deschutes/DES Hosmer 1 597653 4868236 1514 NAD27/10 10 0.26 0.57 <0.001
Marsh/Mud 2 586790 4865165 1478 NAD27/10 7 0.43 0.42 0.898
Muskrat 3 588352 4857034 1485 NADS83/10 16 0.26 0.41 <0.001
SR_Duck 4 624650 4860910 1267 NADS83/10 10 0.34 0.40 0.261
SR_NCPond 5 624651 4860342 1267 NAD83/10 21 0.33 0.34 0.398
SR_17th Fair 6 624954 4859506 1268 NADS83/10 6 0.33 0.31 1.00
SR_9th 7 624821 4858594 1268 NADS83/10 19 0.30 0.31 0.948
SR_Vista 8 624258 4858287 1269 NAD83/10 21 0.38 0.39 0.612
CR_LWest 9 624859 4856685 1269 NADS83/10 12 0.30 0.35 0.018
CR_Least 10 624876 4856725 1269 NADB83/10 13 0.23 0.50 <0.001
CR_Fair 11 624650 4855810 1272 NAD83/10 5 0.40 0.50 0.501
CR_NoDriv 12 625006 4856556 1269 NAD83/10 6 0.38 0.40 0.294
CR_07_Bull 13 624846 4856193 1269 NAD83/10 5 0.23 0.35 0.103
CR_09_Bull 14 624846 4856193 1269 NADS83/10 23 0.37 0.42 0.750
DilmanEES,Mid 15 607617 4839136 1312 NAD83/10 12 0.43 0.49 0.480
DilmanPond1,7 16 607730 4839382 1307 NAD83/10 11 0.45 0.39 0.941
Dilman_Pond5 17 607466 4839111 1312 NADB83/10 10 0.17 0.07 0.423
Dilman_Pond6 18 607837 4839300 1308 NADS83/10 10 0.43 0.42 0.472
CAS 19 622965 4847791 1276 NAD27/10 10 0.28 0.57 <0.001
LitDesch_BLM 20 608387 4819324 1321 NAD83/10 7 0.37 0.43 0.435
LitDesch_100 21 602927 4812165 1366 NADS83/10 20 0.29 0.26 1.00
GoldLake 22 577652 4832065 1468 NAD27/10 11 0.31 0.34 0.203
ScottyBig 23 586581 4822053 1429 NAD83/10 11 0.26 0.30 0.864
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OR

OR

Klamath/KLA

Central /CEN

BigMarsh

Jack_USFS
Jack_09 Jame
Jack_10 Jame
KI_Pen
KI_Devine
KI_MilCros
KI_Corral
KI_SouthGage
Dixon
Wood_Hawk?2
Wood_Hawk1
Wood
Sevenl0
Cr_Found2007
Cr_mys
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Stoneman 8 521219 4713102 1607 NADS83/11 30 043 0.35 0.130

Cottonwood 9 508275 4707146 1720 NAD83/11 21 0.43 0.40 0.052
Pleasant 10 511019 4706993 1712 NADB83/11 6 0.50 0.42 0.987
Littlethom 11 516388 4703257 1611 NADS83/11 10 0.33 0.37 0.779
Castle 12 525311 4697038 1496 NADS83/11 7 0.45 054 0.336

Sampling.site number (#), Geographic locality data (UTM, elevation in meters [elev], map datum, and zone), sample size (N),

observed (b)'and expected (H heterozygosity, and p-value for tests for Hardy-Weinberg proportions (HW) for each site.
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Table 2Variables used for testing candidate gravity models to explain functional connectivity in Rana pretiosa and R. luteiventris

Parameter Process Variable Code Description Source Calculation  Ecological Justification
Distance"(w) IBD Geographic dist Terrestrial-stage frogs move NED Distance Distance is an important
distance overland between limiting factor for
sites connectivity (Funk et al.
2005a; Funk et al. 2005b;
Murphy et al. 2010; Pilliod
et al. 2015)
Production/attraction Productivity Compound cti A steady-state measure of NED GaGM Wetter breeding sites have
(V) topographic wetness based on topography greater productivity
index (upslope potential contribution (Munger et al. 1998; Pearl
of moisture and ability to hold et al. 2007)
moisture (Gessler, Moore,
McKenzie & Ryan 1995;
Moore, Gessler, Nielsen &
Petersen 1993)

Elevation elev Elevation in meters NED DEM Site productivity is higher
at low elevations in
mountainous regions and
site productivity is lower at
low elevation in deserts
(Funk et al. 2005b)

Heat load hli Measure of solar intercept NED GaGM Solar radiation controls

index

(McCune & Keon 2002)
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water temp and primary

productivity (breeding);



Resistance(€) Temperature Heat load hli

Index

Frost free ffp

period

Mean max mmax

temperature

Mean min mmin

temperature

Moisture Compound cti

topographic

Measure of solar intercept NED
(McCune & Keon 2002)

Measure of the number of day MFSL

above freezing

Mean annual maximum air MFSL

temperature .

Mean annual minimum air MFESL

temperature.

A steady-state measure of DEM

wetness based on topography

This article is protected by copyright. All rights reserved

GaGM

GaGM

productivity is higher in
mountains and lower in
desert (Pilliod et al. 2002)

Solar radiation is associate
with warmer intervening
habitat that facilitates or
impedes dispersal (Pilliod
et al. 2002)

Longer growing season
should result in higher
dispersal among sites (Pal
et al. 2003)

Warmer matrix habitat may
impede movement in dese
sites (frogs) (Pilliod et al.
2015)

Warmer matrix habitat may
impede movement in dese
sites (frogs) (Pilliod et al.
2015)

Amphibians rely on

moisture gradients for



Topography

index

Mean
Annual

precipitation

Surface

relief ratio

Slope

map

srr3,
srr27

rsp3,

(upslope potential contribution
of moisture and ability to hold
moisture (Gessler et al. 1995;
Moore et al. 1993)

Mean annual precipitation MFSL

Topographic complexity NED
impedes movement

(30 m cell windows). Fine

scale topographic complexity

is represented by srr3 (3 X 3

cell window for calculation

while course-scale complexity

is represented by srr27 (27 X

27 cell window)

Relative slope position NED
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GaGM

GaGM

dispersal; wetter
intervening habitat should
increase connectivity,
particularly in R. pretiosa
(Pilliod et al. 2015; Pilliod
et al. 2002)

More precipitation during
growing season should
result in higher dispersal
among sites, particularly in
R. pretiosa (Pilliod et al.
2015)

Fine scale topographic
complexity made impede
dispersal due to energetic
costs. Course scale
topographic complexity
acts as major barrier to
dispersal (e.g., ridges)
(Funk et al. 2005a; Murphy
et al. 2010)

Site productivity higher in



position rsp27
Habitat Agriculture  Crop
(81/82)

Shrub (52)  Shrub

Impervious  imper

surface

between valleys and
mountains. The slope position
of site relative to mean
elevation for that window.
Localized pooling of water is
represented by rsp3 (3 X 3 ce
window) while placement of a
site within a drainage is
represented by rsp27 (27 X 23

cell window)

Percent of land cover that
includes pasture/hay and

cultivated crops

Percent of land cover that

includes shrub/scrub.

Percent of land cover that
includes roads, rocks,

impervious gravel.
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NLCD 2006

NLCD 2006

NLCD 2006

valleys in mountainous
regions and site
productivity lower in
valleys in deserts (Funk et
al. 2005b)

Habitat permeability:
agricultural land
(pasture/hay, cultivated
crops) facilitates dispersal
(Goldberg & Waits 2010)

Shrub (woody vegetation <
6 m) impedes dispersal
(Goldberg & Waits 2010)

Roads and other
impermeable surfaces
impede dispersal (Delaney
Riley & Fisher 2010;



Goldberg & Waits 2010;
Gryz & Krauze 2008;
Murphy et al. 2010)
Canopy canopy Percent of land cover the NLCD 2006 - Forest has minimal
includes forest canopy permeability for dispersal
(Goldberg & Waits 2010)

Parameter: the parameter estimated in the gravity equation (distgnoefuction/attractionv], resistanced). Process: the

landscape process that each variable measures: isolation by distance (IBD), productivity, temperature, moisture, topography, habitat.
Variable; . Ihe independent variable name. Code: variable code or abbreviation. Source: source of data containing the variable or used
to derive'the'variable. Data source abbreviations as follows: Moscow Forestry Sciences Laboratory (MFSL; 1 km resolution upscaled
to 30 m resolution, 30 m resolution, 30-year normal climate model based on 1961-1990 (Rehfeldt, Crookston, Warwell & Evans
2006), National Land Cover Data (NLCD) (Fry et al. 2011); National Elevation Dataset (NED; 30 m resolution (Fishburn & Carswell
2017). Caleulation: a description for implementation of metrics derived from the original source dat (-): Geomorphology and Gradient
Metrics (GaGM) toolbox in ArcGIS V10, Digital Elevation Model (DEM).
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