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ABSTRACT
1.Millions of dollars are spent on wildlife crossing structuréendedo reduce
the barrier effects of roads on wildlife. However, we know little about the
degree to whiclthesestructures facilitate dispersal and gene flow.
2.0ur study incorporates two elements that are rarely used in the evaluation of
wildlife crossing structures: an experimental design including a bafwte
aftercomparison, and the use of genetic techniques to demonstrate effects on
gene flow at botlpopulation and individual levelWe evaluated the effeot
wildlifé crossing structures (canopy bridges and glider poles) on a gliding
mamma] the squirrel gliderRetaurus norfolcensis). We genotyped 399
individuals at eight microsatellite markeosanalyse population structure,
first-generation migrants and parentage relationships.
3.We'found that the favay was not a complete genetic barneth a strong

effect evident abnly one site. We hypothesise that gnesence of corridors
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alongside the freewagnd throughout the surround landscape facilitate
circuitous detours for squirrel gliders.
4. Installing acrossing structuratthe locationwith a strong barrier effect
restored gene flow within just five years of mitigation.
5r8§ynthesis and applications. Our study highlights the importance of using
genetic techniques not just to evaluate the successd€rossing structures
for wildlife, but also to guide their placement within the landsdsia@agers
wishing to reduce the effects of linear infrastructure on squirrel gléhet
other arboreal mammadtiould aim to preserve and enhance vegetation along
roadsides and within centre medians, as wathiigate large gaplsy
implementing wildlife crossing structures.
KEYWORDS: wildlife crossing structure, fragmentation, gliding mammals,
gene flow, canopy bridge, glider pole, vegetated median, gap-crossing, road
ecology, BACI
1. INTRODUCTION
The-ability of animals to move across landscapes is essential for theefang
persistence.aihany wildlife populations (Frankham 2015; Piergbal. 2015).
Understanding and mitigating human-induced barriers to movement and gene flow is
therefore.arkey goal of wildlife management. For example, millions of dollars are
spent across the globe on wildlife crossing structures (underpasses and overpasses) to
reduce.thdarrier effects of roads on wildlife. Tlyg@al is to provide connectivity
across a road that would otherwise restrict animal movement, thus allowing
populations to persisHowever, we know surprisingly little about the degree to which
suchstructures facilitate dispersal and gene f(@erlatti, Hacklander & FreyRoos
2009; Lesbarreres & Fahrig 201Zhis uncertainty limits the ability of managers to
decide hoewto best mitigate the impacts of roads on wildliféch impacts can be
successfully:mitigated, and where to best allocate limited funds for conservat
Studies evaluating wildlife crossing structures largely lack two components
that weuld help address this gap. The first i@gperimental approach, in which
crossing structures are added to the landscape in a controlled way, and their effects
compared to before mitigation andlormitigated sitedVlanipulative experiments
can yield great inferential powerarticularly in comple landscapegroviding added
confidence that the observed effect was due to mitigation and othteiofactorgvan
der Griftet al. 2013; Evans, Riley & Lamberti 2015; Rytwingkial. 2015).
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However, implementing an experimental approach is challenging and examples in
road ecology are ra(®lichener 1997; Rytwinskat al. 2015). The second component
missing from most evaluatiomsthe use of genetic technigu&salkenhol & Waits
2009; Simmongt al. 2010; Sunnucks & Balkenhol 2015). By investigati@gporal
andspatial'patterns in genetic variation, researchers can infer changes in movement
and dispersal for a large number of individuals and sites, and, lbyjtoetermine
whether an animal's movement across the road results in gen®#epite these
advantages, relatively few studies have used genetic techniques to evaluate the
succes®f crossing structurgbut see Kuehmt al. 2007; van Manest al. 2012;
Sawaya, Kalinowski & Clevenger 2014). Incorporating these two elements into road
ecology'researcrepresents a next step that will allow stramfigrences about the
effectiveness of wildlife crossing structures.

The squirrel gliderRetaurus norfolcensis) is a smallnocturnalarboreal
mammal ofeastermustralia. Throughout the sowghst of its range, the squirrel
glider is threatened witbxtinction due to extensive habitat loss and fragmentation.
Squirrel.gliders move by gliding from tree to tree, with an average glide distance of
25-40'm depending on the launch height; individuals rarely travel along the ground
(van'der Ree, Bennett & Gilmore 2004; Goldingay & Taylor 2008jge, treeless
gaps, suchras those that occur over major r@aastestrict movements and isolate
populations (Tayloet al. 2011; Goldingaet al. 2013). Over the last 10 years,
transport agencies have begumlementingcrossing structuresuch as glider poles,
canopy bridges and vegetated medians (described in Soanes & van der Reée 2015)
reduce the barrier effects of roawls squirrel glider populations. However, decision-
making has been hampered by a lack of informatido #seir effectiveness.
Recoghnising this knowledge gap, the state transport agency of Victeoatheast
Australia(VicRoads), collaborated with researchergxperimentallytest the
effectiveness of crossing structures for squirrel gliders. The piojestved
monitoringsthe use of structures by wildlife, radiiackingmovements, andolleding
genetic.data before and after structures were installed at mitigated, unmitigated and
nonfreeway.sites. Several associated studies (van degtlRe€010; Soaneet al.
2013; Soanes, Vesk & van der Ree 2015) and other projects (e.g. Taylor & Goldingay
2012; Teixeireet al. 2013; Gregoryt al. 2014)have since shown déh canopy

bridges, glider poles and vegetated medaesused bgquirrel gliders and a range of
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other arboreal mammalkdowever, questions about the level of functional
connectivityremain unanswered.

Here, we used genetic measures of connectivity waiBACI (before-after
control+mpact) experimental framework to investigate the degree to which wildlife
crossingsstructurgsrovideconnectivity across a freeway for a threategiaing
mammal. We inferred changesdannectivityover time and amorgjte-types,based
on patterns of spatial genetic structure, genetic identificationigfants between
populations and evidence of cross-freeway mating.

2. MATERIALSAND METHODS

2.1 Freeway and crossing structures

We'studieda 70-km section of the Hume Freeway, between the towns of
Avenel (3654'2.54"S, 14813'59.98"E) and Benalla (383'5.40"S,
145’58'54.102E)in the state of Victoria, soutlast Australia (Figure 1). The average
traffic volume is approximately 10,000 velais per day at a maximum legal speed of
110 kmi/hr. The surrounding landscape is predominantly agricultural pasture and rural
townships.Woodlandducalyptus spp.) supporting squirrel glider populations is
mostlyrestricted to linear strips along roadsi@esluding the freeway), road
reserves (land set aside for roads that have not been constructed) and waterways,
forming a.network of linear habitétan der Ree 2002, Figure Bquirrel gliders do
not appear to avoid roadside habitats and are resident within the linear woodland
along the freewa{McCall et al. 2010; van der Reet al. 2010). Therefore, the key
factor expected to limit squirrel glider movement across the freeway is the width of
the gap between trees on either side (hereafter referred to as the treeless gap). Dur
the 1970s and 1980ke Hume Freeway was widened from a-awe highway
(~20-40.m wide) to a foulane, divided freewayncreasinghe width of the treeless
gap to44-76 m depending on the width of the centre median (21-38 m) and the
presencerofvoodland vegetation within the median and roadstdeas assumed that
the freeway-did not affect squirrel glider movement prior to wideriagause the
treelessigap across the single carriageway was within gliding range, and the species
readilycrossesarrow roads (van der Rekal. 2010).

We studied four overhead crossing structures (two canopy bridgés@and
glider poles) alog the Hume Freewayhese structures were installed in July 2007,
approximately 30 years after the freeway was widenegad®f the experimental

design described below. Bridges were approximately 70 m long in datape’
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design, providing a continuous link between roadside trees across the freeway. Glider
poles were tall wooden poles (~15 m tall, ~50 cm diameter) placed in the centre
median and roadsides as ‘stepping stones’, reducing the treeless gap to <35 m. The
structures are described in Soaetea. (2013, 2015) and images providas
Supperting-information (Appendix S1). The canopy bridges and glider poles were
installed at sites where the treeless gap across the freeway exceedécthB0 m
roadside tree heights and expected glide ratio of squirrel gliders indicated that safe
crossing of the freeway would be unlikely at these points (Soanes, Vesk & van der
Ree 2015)kurther,pre-mitigation radietracking identified that squirrel glider
movement was restrictggan der Reet al. 2010). The structures were intended to
increasé movement across the freeway, allowing habitat access, dispersal and gene
flow.

2.2 Experimental design and context

We established a BA@xperiment tdest the success odnopy bridges and
glider poles in reducing the barrier effect of the Hume Freeway on squirrel glider
populatiensWe compared impact sites (i.e. sites at which crossing structures were
added with.control sites, before and after mitigatiofrigure 2) We selectedhree
types of controsites to reflect multiple potential benchmarks for the success or
failure of the crossing structures: unmitigated freeway sites (control 1), freeway sites
with 'natual canopy connectivitgr ‘vegetated mediangcontrol 2) and norfreeway
sites (control 3). Aunmitigated freeway sites 6 = 2) there were no trees in the centre
median, resulting in a treeless gap across the freeway exceeding 50 ntortiede
sitesremained unmitigated throughout the entire study, to show what would have
happened if no action had been takenvejetated median sites ( = 4) tall trees (20
30 m) were present in the centre median and roadsides within 5 m of the road edge,
reducing.thdareeless gap across the freeway te2lbm. We expected thtis
control'would provide an approximation of the 'pre-widening' condition of the
freewayyrepresenting structural connectivity that was retained when the freeway was
upgradedNon-freeway sites (= 3) were approximately 5 km away from the
freeway, and the barrier being tested was a locaktilaffic-volume road (treeless
gap <15 m, <100 vehicles per day). This control provided an approximation of
squirrel glider populations residing #milar habitat without the presence of a
freeway.Before mitigation, therossing structure sites were in the same condition as

unmitigated sites, in that the treeless gap exceeded 50 m. For ease of reference, we
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167  refer to impact and control sites by their more descriptive terms (e.g.

168  mitigated/crossing structure, unmitigated, riceeway or vegetated median).

169 Based on concurrent field studies of squirrel glider movement and use of the
170  crossing structuregvan der Reet al. 2010; Soanedt al. 2013; Soanes, Vesk & van
171 der Ree"2015), we expected that where squirrel glider populations were separated by a
172 treelesS gap across the freeway wider than 50 m (i.e. unmitigated freeway sites, or
173  crossing structures sites prior to mitigation), connectivity would be lower thapst sit
174  where the treeless gap was within gliding range (e.g. vegetated median sidas or
175 freeway.sites). Further, we expected that movement and gene flow would increase
176  after cressing structures were installed.

177 2.3/Animal capture, DNA extraction and genotyping

178 We conducted trapping surveys to collect genetic material from squirrel

179  gliders at 13 sites (four mitigatetdvo unmitigated, four vegetated median, and three
180 non{freeway)before (2005-2007) and after (2008—2Dtt#® crossing structures were
181  installedin July 2007 (Figure 2All siteshadsimilar habitat configuration, consisting
182  of a 10-20.m wide linear strip of woodland bisected either by the freeway (impact,
183 veg median,unmitigated) or a single-lanad (norfreeway). The distance between
184  sitesvaied from 1 to 11 kmEach site contained a transect of =240 traps, half on

185 the east side and half the west side aheroadbarrier being investigated (Figure

186  2). Comparison between individudtsm the east and west sampling locatiaas

187  used to ealuate the degree of connectivity that occuabehch site

188 Squirrel gliders were capturdy settingwire-mesh cage traps (17 x 20 x 50
189 cm, Wiretainers Pty Ltd) in treg®llowing McCallet al. (2010). The trap effort was
190 approximately equal across both survey periods (the average nuntizgr wights

191  per site,per survey was 129 before mitigation and 124 after mitigation). Captured
192 animals.were marked with an ear tattoo and PIT tag (Trovan ID100, Microchips
193  Australia'Pty'Ltd) to allow identification upon recapture. Essue biopsies (2 mm

194  diameter):were taken for genetic analysis and stored in 97% ethanol at ambient
195 temperature until extraction. Over the eigbar study, samples were collected from
196 399 squirrel.gliders (191 beforeitigation, 208 after mitigationfablel).

197 Genomic DNA wa extracted from a single tissue sample for each individual.
198 DNA was extracted from samples collected before mitigation using the sailting

199  method described by Sunnucks and Hales (1996A from samples collected after

200 mitigation was extracted using the Bioline DNA extraction kit by the Australian
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Genome Research Faciligilelbourne). Samples were genotyped at eight
microsatellite loci: PnMs4®8Millis 2000), Pnol18, Pnol2, Pno7, Pno40, Pno31, Pno44
and Pno56 (Soanes, Banks & van der Ree 2@&1M3amples were successfully
genotyped at five or more loci (average 7.5 per individual).
2.4 Dataranalysis

Squirrel gliderscan live for up to seven yedngan der Ree, Harper & Crane
2006), with-an estimated generation time of four ydhesefore some generational
overlap was expected between samples collected before and after mitigation. We used
the approximate ageat timeof capture (assessed as per van der Ree 2002)
categorise individuals as belonging to the generation born before or aftetiontiga
as thisymare accurately reflects the landscape context under which their genotypes
originated Each animal wascluded in only one category. We found that 67
individuals born before mitigation wesill alive after mitigation (~17% of
genotypes). These were all placed in the befioiteyation group

Geographidistance and landscape features such as towns were likely to
swamp.finescale genetic patterns caused by the freewayraighation To combat
this andymaintain focus on oprimary questionwe usedhe individualbased
Bayesian clustering approach implemented by the program STRUCTURE 2.3.4
(PritchardgStephens & Donnelly 2000) to identify appropriate groupwtgs
whichto conduct finescale analysiSSTRUCTURE defined three genetic groups
corresponding with northern, central and southern regions of our study area (Figure 1,
Supporting Information, Appendix S2). Analyses in GenAlEx(B&akall & Smouse
2012) revealed no significant deviations from Hardy—Weinberg equilibrium or
evidence of linkage disequilibrium within any region at any locus or pairs of loci
respectivelyand measures of genetic variatioare approximately equal across all
regions.in.both periods (average heterozygosity0.68-0.70; average number of
alleles)Na6:4-8.Q full details in theSupporting InformationAppendix S3)All
furtherranalyses investigated genetic substructure across the freeway within each
regions

Wetestedthe hypothesis that the freewargatedwo genetic clusters at each
site, one on each sid®lair et al. 2012). We use@ TRUCTUREto cdculatethe
proportion of each idividual's genotype (represented a®-&alue) that belongetb
each of two genetic clustefise. K = 2). If individuals samled to the east of the

freewayshowed membership to one cluster (hi@avalues) and individuals to the
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westdid not (lowQ-values), then this would suggedtarrier effect of the freeway.
Alternatively, ifthe freewaywasnot a barrief, we expeadindividuals on opposite
sides toshow strong membership to the same cluster, or siroilar membership@
~0.5) to both clusters. The genotypes were ruqal (admixture allowed, allele
frequencies-correlated) for 500,000 iterations after a muofi-500,000We used

2
ObStruct (Gayevskigt al. 2014)to generate coefficients of determinatiéh)(to
measure the strength and statistical significance of the relationship between the

inferred,genetic structure and the spatial location of samples (east and west of the

freeway). A higkRz-vaIue siggests a strong relationship between the observed
genetc structure and the presence of a linear baithin a site.

We used GENECLASS 2(@iry et al. 2004)to identify firstgeneration
migrants.that. crossed the freeway. We used the Bayesian criteria developed by
Rannala.and Mountain (1997) and the Monte Carlo resampling method described by
Paetkatet'al"(2004)to calculate assignment probabilities for each squirrel glider
based onthe genotype frequencies of 10,000 simulated individuals. Migrants were
classified based on the ratibome/Lmax at a threshold of 0.01

We used CERVU®Kalinowski, Taper & Marshall 2007) to identify the likely
father and.mother of each individual simultaneoudlyat is, he most statistically
likely-parent pair’ for each individual based on our sample. For a given offspring, if
the accepted mother and father occur on opposite sides of the freeway, thissprovide
strong evidence that movement across the road resultedcesstud reproduction
and therefore gene flow. Waecepted parentage assignments with strict (>95%) and
relaxed(80%) assignment probabilitiesd allelic mismatch at one or no Iothe
simulation was based on 10,000 offspring and the parameters were estimated from
field"data(Supporting Information, Appendix S5).
3.RESULTS
3.1 Spatial genetic structure

Over the whole samplddndscapgthere was little evidence that the freeway
affectedthe spatial genetic structure of squirrel glider populatianany site type,
before or after mitigationThe influence of the freeway on spatial genetic structtre
unmitigated and vegetated median sites was similar to the influence of nlamew
traffic volume roas present at nofieeway sites, withndividuals on either side of
belonging to the same genetic clust@) ¢r showing mixed membership to both

clusters(Table 2). Surprisingly, given the yelow rate of roaecrossing shown by
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radiotracking (van der Reet al. 2010),the absence of vegetated medians at a site
rarely resultedn spatial genetistructuringbetweerindividuals on opposite sides of
the freeway. The unmitigated sites RR 169 and RR 182 showed no evidence of

genetic structuring due tbe freeway, nor did the crossing structure sites

2
Warrenbayne or Violet Town prido their mitigation R < 0.44,P = NS, Table 2.

Only one site, Longwood, showed evidence of signifistmicturirg before

2
mitigation(R-= 0.83,P < 0.001) After a canopy bridge was installed at this site,

genetic structure was significantly reduced and was comparable to vegetated median
2
and nonfreeway sitesR = 0.02,P =NS).

While theRZ-vaIues at some other sites appeared high (T bteese were
not significant and the distribution Q@Fvalues did not suggest that squirrel gliders
sampled ongpposite sides of the freeway showed strong proportional membership to
opposingclusters.

3.2 Evidence of migration and gene flow across the freeway before and after
mitigation

Tolinvestigate current and recent gene flow across the freeway, we identified
individualsseaptured at freeway sites that were-fiesteration migrants from the
opposite side of the freeway (igoss-freeway migrants) and individuals whose
mother-and-fathewvereon opposite sides of the freeway (tleoss-freeway parent-
pairs). We further distinguiséd betweerdirect crossings, in which an individual (or
parent)wasrassigned to the sampling location directly opposite the freeway, and
detour ¢rossings, in which an individual (or parent) was assigned to a site on the
opposite sidef the freewayhat was not directly across(ihset, Figure B Analysis
of first-generation migrants revealed 33 individuals that were born at a site other than
the one in which they were detected,af9vhich had crossed the freewg@etails
provided.as . Suppfeentary Information, Appendix SAVe identified the most likely
mother and father for 81 individuals (16 at 95% confidence, 65 at 80% confidence),
16 of whiehrresulted from cross-freeway pairings (2 at 95% confidence, 14 at 80%
confidence)As the small sample size precluded statistical analysis, we provide
descriptive information.

The number of croskeeway parenpairs increased at mitigated sites after
crossing structures were installed (from one to five). This included successful
reproduction evident at the mitigated site Longwood, which showed a significant
reduction in genetic structure after assimg structure was installed. While there was
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no difference in the number of croseeway migrants after mitigation, the apparent
path taken to cross the freeway changed fdetour to direct (Figure 3) That is, after
crossing structures were added titigated sites, all firspeneration migrants

crossing the freeway were classed as direct crossings (Figure 3). Direct crossings
werermost-ecommon at sites where vegetated medians or crossing structures were
presentCrossfreeway migrantand parenpairswere detected at unmitigated sites in
both study periodhoweverall were classed as detour crossings

4. DISCUSSION

Extensive radidracking and trapping had previously shown that squirrel
glider movement across the freeway was strongly inhibited wheteetlesggap
created’by the freeway exceeded 5(0.;n unmitigated sites). However, the present
study showed thdhis restrictednobility did notcausestrong genetic differentiation
at the majority of unmitigated sites (including crossing structure sites prior to
mitigation). Before mitigation, the level of genetic structure between squirrel gliders
on either side fathe freeway at vegetated median and unmitigated sites was similar to
nonfreeway-sites at which the only impediment was a narrow, low trnaffieme
road. Further, thanalysis of firstgeneration migrants and parentagdicatedcurrent
gene flowacrosthe freeway at all site type®nesite was an exceptio’ crossing
structure site, before it was mitigajetiowed significant differentiation and low gene
flow. After mitigation was installed, gene flow at this site increased, and genetic
differentiation significantly declined’hus, we did not find evidence that the Hume
Freeway restricted genetic connectivity squirrel glidersverall,but did detect site
level effects that were successfully mitigated following the addition of wildlife
crossing structures.

Many sections of the Hume Freeway present a large physical barrier to
squirrel glider movement, yet this effect was rarely observed at the genetic level.
Studies'onather species have found only limited impacts of roads on gene flow (e.g.
Prunieret-al=2014; Griloet al. 2016) with strong genetic effects usually associated
with large, fenced roads (e.g. Kuettral. 2007; Hepenstrickt al. 2012) or species
with very'limited mobility(e.g. a flightless beetle and a salamander: Keller, Nentwig
& Largiadér 2004; Marshkt al. 2008) It appears that in many cases, habitat
connectivity throughout the surrounding landscape can temper the effect of linear
infrastructure on wildlife. For example, thse of scattered trees and roadside

corridors as ‘stepping stones’ was thought to reduce the genetic impacts of habitat
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337 fragmentation and infrastructure on wildlife in agricultaat urban landscapes

338 (Munshi-South 2012; Goldingag al. 2013; Amoset al. 2014),while forest birds and
339 arborealmammalgake circuitous detours to avoid inhospitable ter(Belisle &

340 Desochers 2002; Bakker & Van Vuren 2004). The combined evidence from previous
341 radiotracking andhe currengenetic analysis suggest that this is also true for squirrel
342  gliders/in our studySquirrel gliders only crossed the freeway directly, that is,

343 between sampling locations on the east and west, at sites where vegetated medians or
344  crossing structures weregsent.The landscape surrounding the Hume Freeway

345 comprises a network of linear woodland strips as well as sparse or isolated trees
346  Further,at the site where a strong genetic effect was evident, there were no tall trees
347 in the ¢entre:median @ergesfor more than 1 km in each direction. The detection of
348 a genetic effect at one site (and restoration following mitigation) suggestaithat

349 findings are not due to a ‘tinlag’, but rather that patterns of genetic connectivity are
350 driven by the effect of structural connectivity on species mobilityerefore we infer

351 thatwhen a direct route across the freeway was not available (e.g. at an unmitigated
352 site) animals'took circuitous detours to reaoralternativeerossing point.

353 ‘Detour’ movements are diffidt to observalirectly, and can be easily missed
354 in field-based studies of connectivityis therefore imperative that genetic studies be
355 used not justto evaluate the success of crossing structures, but also to guide their
356 placement within the landscape where disruptions to gene flow are a key concern.
357  Future_studies should aim to conduct genetic samplitign a broader, landscape

358 geneticdramework,to provide a more comprehensive understanding of the location
359 and relative importance of features that impede and facilitate movéengnt

360 Delaney, Riley & Fisher 2010; Munshi-South 2012), allowing mitigation to be better
361 targeted. Such applicatioasetractable and affordable via outsourcing of genome-
362 wide screens of thousands of genetic markers for almost any wildlife species

363  (Sunnueks& Balkenhol 2015).

364 Atthe singlesitewhere we observed genetic structurargirestricted gene

365 flow forsquirrel glidersi.e. Longwood, the installation of a canopy bridge restored
366 gene flowacross the freeway. After ttenopy bridgavas installed there was no

367 evidence of genetidifferentiation betweethe east and west sides of the freeway.

368 The change was rapid, detectable within fivet years. Further, this was associated
369 with changes in both animal movement and gene f&ame studies have raised

370 concerns that crossing structures mayrastilt ingene flow if social barriers reduce
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371  the reproductive success of crossing individ@Ritey et al. 2006). However, this

372 was not the case here. The analysis of-fjssteration migrants and parentage,

373 combined with data from field studies (Soaseal. 2013; Soanes, Vesk & van der
374 Ree 2015provides clear evidence that the individuals that used crossing structures
375 and vegetated medians to cross the freeway contributed to gene flowr gsulés

376 werereported in a study of blackJ{sus americanus) and grizzly U. arctos) bears

377  using crossing structures to cross a major highw&areda (Sawaya, Kalinowski &
378 Clevenger 2014). Taken together, these studies provide encouraging examples of gene
379 flow beingrestored through theetrofitting of crossing structas to existing linear

380 infrastructure

381 While'the current study suggests that many of the crossing structures installed
382 were notnecessary to increase genetic connectivity across the freeway on the
383 timescale of pbservation hereis important to recognise thgene flowis rarely the

384  only goal ofmitigation Managers must often consider multiple potential goals, both
385 when selecting where crossing structures should be installed, and when evaluating
386 their suecess: Ultimately thdepends on understanding the mechanisms by which
387 roads are'expected to affect the wildlife population prior to mitigation, usually

388 revealed through rigorous research (van der @rdt. 2013; Rytwinskiet al. 2015).

389 In ourcaseyprevious researchaily demonstrated that the home-range movements
390 of squirrel gliders were disrupted by the Hume Freeway at unmitigatedvsiteder

391 Reeet al. 2010), and that the installation of crossing structurestablished regular
392 crossfreeway movements for individuals liviregongside the freewajboanest al.

393 2013; Soanes, Vesk & van der Ree 201rb}his way, the crossing structunesrea

394  Dbenefit tolocal populations. Providingafeaccess to resourcésat occur on both

395 sides of freewagould be critical to population persistence if it sufficiently improved
396 demagraphic camectivity (Lowe & Allendorf 2010) Managers wishing to reduce the
397 effectsroflinear infrastructure on squirghider populations in heavilyaodfied

398 landscapesSuch as ost®uld aim both to 1) install crossing structures across

399 treelessigaps exceeding 50 m to enable direct-coassmovements, and 2) preserve
400 and enhanee vegetation corridors that extend almmgoadsides and centre medians
401 to prevent longtreeless stretches that may result in a local genetic discontfaigty
402 such aghe ~2km stretclobserved at the Longwood site).

403 Largescale ecological experiments are often calledrfecology and

404 conservation, but are notoriously difficult to implement and often heavily constrained
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in the reaworld (Michener 1997; Roedenbeekal. 2007; van der Rest al. 2015).
Our study was no exception. While it represents a significant step forward in its
approach, it is still a far cry from the ‘ideal’ ecological experimérg.lackedpre-
roaddata, had limited replicatiospatidly clusteedtreatmentsand small sample
sizes‘AllFofithese issues were beyond our control — we could not increase the number
of structures that the road agency installed, nor move the location of pre-existing
vegetated medians. However, important management questions should not go
untested simply because the ideal study cannot be performedearsgd the
strongest study design and combination of methods possible within the constraints of
the projectln the field of road ecology, the quest eell-controlled studiesvill
dependupon establishing strong relationships betwessarcherand road agencies
early in'the'planning procegRytwinskiet al. 2015; van der Regt al. 2015).
Following repeated tla-to-action over the last decade for improved inferential
strength in road ecology reseaf&oedenbeckt al. 2007; Balkenhol & Waits 2009;
Rytwinskiet al. 2015)we are certain that others averking to adopt similar
approaches.and look forward to seeing the resulting publications in the years to come.
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623 SUPPORTING INFORMATION

624  Additional supporting information is available withe online version of this article.

625  Tablel. Thenumber of squirrel gliderscaptured at each location before and after mitigation.
626  Site code abbreviations in parentheses.

Site L ocation Before After

Impact: Crossing structure (n=4 sites)

Longwood (LON) East 10 8
West 5 6
Balmattum (BAL) East 2 8
West 0 6
Violet Town (VTN) East 9 4
West 9 8
Warrenbayne (WRB) East 3 5
West 6 6

Control 1: Unmitigated fr eeway (n=2 sites)

RR 169 (169) East 20 18
West 11 7

RR 182 (182) East 5 3
West 5 6

Control 2: Vegetated'median (n=4 sites)

RR 121 (121) East 15 8
West 3 10

RR 122 (122) East 10 6
West 6 5

Alexandersons (ALX) East 40 12
West 21 6
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RR 142 (142) East 10 4
West 8 5

Control 3: Non-freeway (n=3 sites)

Geodetic (GP East 7 5
Q e ” "

Angle-Pranjip (AP)= East 4 1

West 1 7

Moglonemby »—m) East 6 3

West 3 0

Author Manus
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627  Table2. Spatial genetic structure dueto the freeway within each site and treatment type. Q-

628  values indicate the proportional membership of individuals wehith sampling location to one of two
629  geretic clusters (analysed Kt2). R—values indicate the strength of the effect of the freeway on
630  spatial genetic structurBold = P-value <0.0001.

Before After
Site sampling location ~ Code Q R Q R
Longwood East 0.07 0.82
LON 0.83 0.02
Longwood West 0.81 0.75
g
g Balmattum East 0.57 0.60
S BAL NA 0.22
12 Balmattum West - 0.91
k=4
g Violet Town East 0.07 0.12
Q_ VTN 0.62 0.37
2! Violet Town West 0.65 0.73
Q.
1S
- Warrenbayne East 0.06 0.41
WRB 0.12 0.11
Warrenbayne West 0.25 0.61
RR#169 East 0.64 0.65
169 0.11 0.04
4 8 RR 169 West 0.36 0.72
55
§ E RR182East 0.06 0.14
o 5 182 0.44 0.10
RR 182 West 0.10 0.07
RR 121 East 0.52 0.53
121 0.10 0.00
% RR:121:West 0.55 0.54
=
€ RR 122 East 0.52 0.54
§ 122 0.31 0.73
g RR 122 West 0.46 0.42
g
& Alexandersons East 0.48 0.51
[ ALX 0.04 0.14
*g Alexandersons West 0.50 0.47
O
RR 142 East 142 0.22 0.16 0.09 0.43
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Control 3;: Non-

Author Manuscri

RR 142 West 0.50

Geodetic East 0.71
GEO 0.09
est 0.88

!

freeway
<

mby Hall East 0.16
MOH 0.16
by Hall West 0.09
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0.01

NA



637
638

Legend
Vegetated median
Canopy bridge
Glider pole
Unmitigated
Non-freeway

oceoenx

10 kms

Figure 1. Map of study sitesalong the Hume Freeway, southeast Australia. The black square
indicates the town of Euroa. Sites were grouped into the Southern (eadalGblue) and Northern
(white) gﬂic regions for s@malysis. Site codes are pided in Table 1. (Source of satellite

image: 1).
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Figure 2. Experimental design used to evaluate the effectiveness of wildlife crossing structures
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639 installed acrossthe Hume Freeway. The layout of survey transectiotedlines) including east (E)
640 and west (W) sampling locations is shown as an example witbintesatment type. Site codes are
641  provided in Table 1.
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643  Figure3. Theproportion of first-generation migrants (top) and cr oss-fr eeway par entage
644 assignments (bottom) that originated directljrom the opposite side of the freeway (black) or via a

645 detour from another site on the opposite side of the freéveshed), before and after mitigation at
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646  each site type. Numbers above bars indicate the total numberssfreeway individuals detectedr
647  each treatment and period.
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