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ABSTRACT. Roads and traffic are prominent compos@iftmost landscapes throughout the world, and
their negative effects on the natural environmemt extend for hundreds or thousands of meters ldeyon
the road. These effects include mortality of witelldue to collisions with vehicles, pollution ofilsand

air, modification of wildlife behavior in respontenoise, creation of barriers to wildlife movemearid
establishment of dispersal conduits for some @adtanimal species. In southeast Australia, mudheof
remaining habitat for the squirrel glidétetaurus norfolcensjss located in narrow strips &ucalyptus
woodland that is adjacent to roads and streamsehlss in small patches of woodland vegetation itha
farther from roads. We evaluated the effect offitafolume on squirrel gliders by estimating appére
annual survival rates of adults along the Humewageand nearby low-traffic-volume roads. We surekye
populations of squirrel gliders by trapping theneio.5 years, and combined these data with prior
information on apparent survival rates in populaitocated away from freeways to model the ratio of
apparent annual survival rates in both site typhee.apparent annual survival rate of adult squgliders
living along the Hume Freeway was estimated topgpraximately 60% lower than for squirrel gliders
living near local roads. The cause of the redugqgeheent survival rate may be due to higher rates of
mortality and/or higher emigration rates adjacerthe Hume Freeway compared with populations near
smaller country roads. Management options for paimiri persistence will be influenced by which @b
factors is the primary cause of a reduced appatenival rate.

Key Words: Australia; emigration; mortality; population persence; road ecology; squirrel glider;
survival

INTRODUCTION Hazebroek 1996, Huijser et al. 2009), pollution of
soil and air (Bernhardt-Romermann et al. 2006,
The global decline in biodiversity is directly lie#  Bignal et al. 2007), modification of wildlife
to anthropogenic activities such as the modificatio behavior in response to noise (Parris et al. 2009,
of landscapes and environmental systems (Kerr afthrris and Schneider 2009), creation of barriers to
Currie 1995, Lande 1998). Increasing humanvildlife movement (Merriam et al. 1989, Kerth and
population size and technological advancemerilelber 2009), and establishment of dispersal
fuels the development of agriculture, housingconduits for some plant and animal species
industries, forestry, mining, and transportationParendes and Jones 2000, Brown etal. 2006). Much
infrastructure like roads (Turner Il et al. 199D)e  attention has focused on the rate, magnitude, and
impacts of roads and traffic on the naturafinancial cost of mortality of wildlife due to
environment are numerous and may extend farollisions with vehicles, particularly in Europedan
many hundreds or even thousands of meters beyohbrth America where a collision with alarge animal
the road (Forman and Deblinger 2000). Thesenpacts human welfare (e.g., Groot Bruinderink and
impacts include mortality of wildlife due to Hazebroek 1996, Huijser et al. 2009). However,
collisions with vehicles (Groot Bruinderink and factors such as the removal of roadkill by scavenge
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(Row et al. 2007), movement of animals away fronsquirrel gliders by conducting a mark-recapture
roads after collision, and inconspicuousness of thgtudy over 2.5 years. This impact was evaluated by
affected species reduces the detectability ofomparingthe apparent survival rate of populations
roadkill, making it difficult to estimate the full near and far from the freeway. Within a Bayesian
magnitude of its effect on mortality rates (but se@nalytical framework we also examined whether
Row et al. [2007] who used radio-tracking toincorporating prior information on survival rates i
determine crossing rates and roadkill events asthe absence of a freeway reduces uncertainty about
means of calculating the rate of road-relatedhe impact of this road.

mortality).

Population studies are an alternative method dIETHODS
guantifying impacts such as road mortality on small
species, with differences in demographic rateStudy area
across space and through time indicating ecological
effects (Ruggiero et al. 1994, Marschall andPopulations of squirrel gliders were surveyed along
Crowder 1996, Gill et al. 2001, Converse etal5200 the Hume Freeway between the towns of Avenel
Yasué and Dearden 2006). These demographic raf@3°42’ S, 148°76’ E) and Benalla (36°55’ S, 145°
may also inform research on the dynamics 088 E) in southeast Australia. Seven sites were
population size (McCallum 2000), and assessmengirveyed: three sites at the Hume Freeway (freeway
of population viability (Akgakaya and Sjogren-sites: F1, F2, F3), and four sites at least five
Gulve 2000), in turn providing information to assis kilometers from the freeway (control sites: C1, C2,
management decisions (Drechsler and Burgma@3, C4) (Fig. 1). The number of sites was limited
2004, van der Grift and Pouwels 2006). by availability of suitable areas and logistic
constraints. At both site types, squirrel glideesev
The squirrel glider Retaurus norfolcens)jsis a surveyed by trapping within strips &ucalyptus
small (190-300 g) arboreal marsupial found in opewoodland located along local roads with traffic
forest and woodland in eastern Australia (Claridggolumes of less than 100 cars per day. At freeway
and van der Ree 2004, van der Ree and Sucklirsites, these local roads were intersected by thesHu
2008). Extensive clearing of habitat for agricudtur Freeway; control sites were intersected by another
has reduced the continuity of squirrel glider hathit local road or unused road reserve. Unused road
and in many regions this species is now limited toeserves are areas that were set aside with #m& int
a network of small and often isolated woodlanaf future road construction; however, that inteas h
remnants. In some locations, particularly innotyet been carried forth.
southeast Australia, much of this remnant habitat
occurs as linear strips next to roads and watesesur
(van der Ree et al. 2003). The long-termMajor differences between the freeway and control
demographic impact that roads of varying width andites were traffic volume and width of the
traffic volume have on squirrel gliders is unknown.intersecting road. Average traffic volume along the
Observations (albeit infrequently) of dead squirreHume Freeway was 10,000 vehicles per day, and at
gliders (presumably hit by a vehicle) on a largecontrol sites was less than 100 vehicles per dag (z
freeway suggests that these factors could influenaehicles along unused road reserves). The Hume
the species’ mortality rate (van der Ree 2006freeway was dual carriageway, with each
Squirrel gliders travel primarily by gliding fromee  carriageway 12—14 mwide and separated by a center
totree. Depending on the launch height and reduiranedian approximately 30-50 m wide. The
distance to traverse the road, an animal’s landingegetation of this center median varied, and
height may mean it is directly in front of vehickts included mown grasses, both remnant and regrowth
some point in the glide. Squirrel gliders thatlsite Eucalyptusvoodland, and planted trees and shrubs
by vehicles are difficult to detect because thealt  (both indigenous and exotic species). The median
body size makes them likely to be thrown from theat our freeway sites supported mature remnant
road, rendered unidentifiable if they remain on thevoodland at site F1, and shrubs and young regrowth
road, or in some cases, remain attached to vehiclas F2 and F3. The intersecting local roads were
after collision. Rather than rely on assessingsratesingle lane, approximately 4 m wide, and lined on
of mortality directly, we evaluated the impactioét either side with a strip of remnant vegetation.
Hume Freeway on the apparent survival rate of adulinused road reserves had no road; those usedin thi



Ecology and Society5(3): 27
http://www.ecologyandsociety.org/vol15/iss3/art27/

Fig. 1. Location of sample populations of squirrel gl&l@?etaurus norfolcensjsn southeast Australia:
C1 C2, C3, and C4 refer to control populations;F2,,and F3 refer to freeway populations.
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Data Source: 'Road Natwork 1:25.000 - Viemap Transport (TR_RDAD, © The State of Victona, Departmeant of Sustainabiidy and Emarcnmand

study were characterized as a strip of remnamonducted primarily for other reasons. Traps were
vegetation. The legal speed limit was 110 km/tset 50 m apart in all sites except control site C4,
along the freeway, and between 60 km/h and 10@here traps were spaced at 25 m intervals. Twenty
km/h at control sites. to 24 traps were set at all freeway sites andratclo
site C4. Ten to 14 traps were typically set at the
remaining control sites (Table 1). The line of &rap
Trapping along the intersecting roads began within 50 m of
the Hume Freeway (freeway sites) or local road/
Wire cage traps (20 x 20 x 50 cm) were nailed tooad reserve (control sites).
tree trunks at a height of 2-5 m and were baitéd wi
a mix of rolled oats, honey, and peanut butter. A
mixture of one part honey to three parts water wasrapping effort also varied over time, with initial
sprayed on the tree trunk to attract animals to thieapping sessions typically shorter than subsequent
trap. Traps were covered with plastic to protectrapping. Trapping sessions ranged from 2 to 11
captured animals from wind and rain. The numbeconsecutive nights (Table 1). To account for this
of traps and the duration of trapping at each siteariation in trapping effort when estimating
varied slightly because some earlier surveys wengarameters, each night of trapping was treated as
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Table 1 Trapping effort during census of squirrel glig@etaurus norfolcensjgpopulations in southeast
Australia. Trapping effort is the number of niglefstrapping multiplied by the number of traps open,
accounting for instances when a proportion of t{@psome cases, all traps) were closed on a giiggt.

The first survival period includes trapping sessibatween August 2005 and December 2006; the second
includes trapping sessions between January 200Feindiary 2008.

Site type Site Time period of trapping session Sutviva Number of Trapping
period nights effort
Control sites C1 12/12/2005 — 15/12/2005 1 4 40
16/11/2006 — 22/11/2006 1 7 98
8/01/2008 — 16/01/2008 2 9 126
C2 6/12/2005 — 9/12/2005 1 4 40
13/12/2005 — 14/12/2005 1 2 16
27/01/2006 — 14/02/2006 1 9 104
28/04/2006 — 2/05/2006 1 5 48
4/12/2006 — 10/12/2006 1 7 98
11/01/2008 — 19/01/2008 2 9 126
C3 6/12/2005 — 9/12/2005 1 4 40
29/11/2006 — 4/12/2006 1 6 84
3/02/2008 — 10/02/2008 2 8 112
C4 9/02/2006 — 13/02/2006 1 5 100
1/08/2006 — 5/08/2006 1 10 142
5/12/2006 — 9/12/2006 1 5 120
19/01/2008 — 31/01/2008 2 11 1294
Total for control sites: - 105 2588
Freeway sites F1 3/08/2005 — 9/08/2005 1 7 168
25/10/2005 — 28/10/2005 1 4 80
19/12/2005 — 23/12/2005 1 5 77
16/01/2006 — 19/01/2006 1 4 64
17/05/2006 — 20/05/2006 1 4 45

(con'd)
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9/08/2006 — 10/08/2006 1 2 12
25/11/2006 — 1/12/2006 1 7 168
4/02/2008 — 12/02/2008 2 9 216
F2 10/01/2006 — 13/01/2006 1 4 80
15/11/2006 — 22/11/2006 1 8 192
22/01/2008 — 1/02/2008 2 8 192
F3 19/01/2006 — 24/01/2006 1 4 80
9/12/2006 — 13/12/2006 1 5 120
9/01/2008 — 17/01/2008 2 9 216
Total for freeway sites: - 80 1710

one sample unit. The firsttrapping sessions oedurr Statistical analyses
in August 2005. By December 2006, all sample sites
had a minimum of two trapping sessions, and bark-recapture model
February 2008, all had been sampled at least three
times. Parameter estimates from a mark-recaptufe mark-recapture model was used to estimate the
model were compared between these two timapparent annual survival rate and the relative
periods — August 2005 to December 2006 andpparent survival rate of male and female squirrel
January 2007 to February 2008 — to determine gliders that were in the adult age class. The appar
there was any pattern in estimates of appareannual survival rate (hereafter referred to as the
survival rates. annual survival rate) is the proportion of indivadi
that survive for a year and do not leave the study
Traps were set before dusk and checked at davamea. The relative apparent survival rate is thie ra
each day, with all captured animals processed amd apparent annual survival rates in freeway
released where each was trapped. For each animabpulations versus control populations. The data
a unigue combination of numbers and letters wasgsed were the individual capture histories of each
tattooed in the ear flap, two 2-mm notches weradult squirrel glider. The capture history recorded
removed from the margin of the ear flap (collectedhe capture status (trapped or not) of each sdjuirre
for a genetics study), and a microchip was inserteglider on nights when trapping occurred at any of
below the skin (©Trovan ID100). Each animal waghe seven sites.
measured, weighed, and assigned to an age class (<1
year, 1-2 years, 2-3 years, or >3 years) based dhe mark-recapture models included two
the criteria of tooth wear, body mass, ancdomponents: the probability of survival of
reproductive condition as described by van der Readividuals from one trap night to the next, ane th
(2002). An animal was considered to be a juvenilgrobability of recapture of each individual on each
if it was assigned to the <1 year age class. trap night conditional on it being alive on themtig
of trapping (the probability of recapture). We
effectively treated permanent migration from the
site as death because we were modeling the apparent
survival rate. The probability of capturing an
individual on a particular night (conditional on it
being alive the previous time the site was trapped)
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equals the probability that it survived the periodSurvival rate was assumed to be constant over time,
from the last trapping session (a function of theso the probability of an individual surviving a joet
annual survival rate) multiplied by the probability of t days between two trapping nights was equal to
that it would be captured given it was alive (thes’3%5 wheres is its annual probability of survival.
probability of recapture). We considered models irsurvival rates for each of the two time periods
which the probability of recapture and the(August 2005 to December 2006 and January 2007
probability of survival varied among trappingto February 2008) were scaled to an annual time
nights, individuals, and sites by including thesdrame. As well as being a product of squirrel glide
influences as random effects. Random effects werapture histories during the second survival period
assumed to be normally distributed (on the logithe second survival period took into account
scale) with a mean of zero and a standard deviatiavhether an animal was modeled as alive or dead at
that was estimated. We also included a fixed effe¢che end of the first time period based on the
for sites at the Hume Freeway and control sites, arprobability of recapture in the first time periogda
a fixed effect for sex to account for possiblets sighting history (Table 1).
differences in the probabilities of survival and
capture between males and females. DiffereriWlodels were analyzed in WinBUGS Version 2.10
combinations of models with and without the(Spiegelhalter et al. 2005). For each squirreleglid
various random effects were considered, althougtapture histories were used to estimate the
not all of the random effects could be estimateg@robability of being alive on each day that trappin
reliably, so we confined our analysis to a reducedccurred in any of the seven sample populations.
model. This model included random effects of siteyague priors were placed on all parameters except
individual, and night for recapture probability,iso annual survival of individuals in control sites, in
helped accommodate possible differences iwhich case an informative prior based on allometric
trappability among different individuals. The data (McCarthy et al. 2008) and a previous study of
models did not include random effects for survivalsquirrel gliders (van der Ree 2000, 2002) were .used
Different survival rates for the two different peats
were included, which would account for changes in
dispersal and mortality over time. Thus, the annudhformative priors
probability of survival of individual (s) depended
on its sexgex) and whether or not it occurred at aTwo sources of prior information were used for
freeway (reeway), "Eq. 1" survival rates of male and female squirrel gliders
control populations. Bayesian informative prions fo
(1) male and female survival rates were developed
using an allometric regression of survival rates on
body mass for mammals (McCarthy et al. 2008) and
. . . a data set from a previous mark-recapture study of
whereS, is the annual probability of survival of gqirre| gliders (van der Ree 2000, 2002). These
individuals of sex at site typex. informative priors were used in the model described
above, with the data collected in 2005-2008
a1:orming the “data” component of this model.

logit(s,) = logit(S

ser“jmﬁvajﬁ}

The probability of an individual (d;,) being

recaptured (conditional on it being alive) was
function of its sex gex) and whether or not it
occurred at a freewayfréeway), in addition to

random effects for individual (v)), sitej (o) and

nightk (6,), "Eq. 2"

Allometric regression

Body mass was used to predict annual survival of
adult male and adult female squirrel gliders based
(2) on an allometric model and a worldwide data set of
survival rates in mammals (McCarthy et al. 2008).
Random effects were included for taxonomic order,
) . species, study, and particular case within studies
where d;, is the probability of recapture for (for example, within one study, separate estimates
individuali at sitej on nightk. The variableD,, is  for different years). Estimates of the mean body
the base probability of recapture for individuals o mass of male (0.258 kg) and female (0.235 kg) adult
sexj at site typek. squirrel gliders in southeast Australia were ol&din
from van der Ree (2000). The estimated mean

Iob"it':da.;.k) 1°Bil(”mr,.ﬁuww.)+ur +o, +0,
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survival rate of adult squirrel gliders and the 95%I'o combine the two sources of prior information,
credible interval (in square brackets) was 0.551[Q. posterior probability distributions obtained fromet
0.87] for females and 0.56 [0.12, 0.87] for malesallometric regression were used as informative
These values were obtained from 100,000 iterationmiors for the 1997-1998 mark-recapture model.
after a burn-in of 200,000 iterations. A BayesianThe posterior distribution for this survival rate
credible interval expresses the region that costairformed the informative prior of the 1997-1998
the true value of the parameter with a definednark-recapture model. When using the allometric
probability (in this case, a 95% probability tHaist regression as informative priors for the 1997-1998
interval contains the value of the parameter). Thimark-recapture model, the mean survival rate had
contrasts with a frequentist confidence intervala posterior distribution with a mean and 95%
which says if the data were collected and an iaderv credible interval of 0.73 [0.54, 0.88] for male
constructed in this way an infinite number of timessquirrel gliders, and 0.66 [0.49, 0.83] for female
a particular percentage of the confidence intervalsquirrel gliders. Estimates were based on 100,000
would contain the true mean (McCarthy 2007)iterations, after discarding a burn-in of 200,000
Credible intervals and confidence intervals areroft iterations. These estimates formed the informative
estimated in similar contexts but convey differenprior distributions for survival rates in control

information (McCarthy 2007). populations for the 2005-2008 mark recapture
model. The priors were modeled with beta

1997-1998 mark-recapture data distributions to constrain the values to the iraérv
[0, 1].

A mark-recapture study of squirrel gliders was

conducted between November 1997 and June 1998

(van der Ree 2000, 2002) in strips of roadsidRESULTS

woodland located approximately 2 km east and 2

km southeast of C4 and C3, respectively (Fig. 1)[rapping results

Trapping methods were similar to those used in this

study (see van der Ree 2000, 2002 for more detail$) total of 184 squirrel gliders were captured & th

A capture history based on captures of 59 male arsgven sites between August 2005 and February

81 female adult squirrel gliders was used in cngati 2008. Between August 2005 and mid-December

the informative prior. The capture history covered006, 148 adult squirrel gliders (83 females and 65

eight sampling sessions, with each session rangimgales) were trapped at least once. Of these, 57 wer

between 10 and 17 nights. For each individualgaptured within the control populations (34 females

captures within a sampling session were pooled smd 23 males), and 91 were captured within the

that an animal was considered captured in feeway populations (49 females and 42 males).

particular sampling session if it was capturedast From January to mid-February 2008, 62 adult

once. This was based on the assumption that rsguirrel gliders were trapped (34 females and 28

emigration or mortality would occur within each males): 36 in the control populations (21 females

sampling session. and 15 males) and 26 in the freeway populations (13
of each sex). Of the 62 animals captured in 2008,

A modified version of a mark-recapture model36 were new animals and the remainder were

developed by McCarthy and Masters (2005) wagecaptures. During the three years of trapping, we

used to estimate the annual survival rate of aduttid not detect animals moving among sites.

squirrel gliders at all sites types. Data for naaie

female squirrel gliders were analyzed separately

with this model, providing estimates for each.2005-2008 mark-recapture model

Additions to the model used by McCarthy and

Masters (2005) were a function to scale the sukviv@’he capture histories from the trapping of squirrel

probability to an annual time frame, and randongliders from August 2005 to February 2008 formed

effects for recapture rates among sampling sessiotifee data component of the 2005-2008 mark-

and recapture rates among individual squirrefecapture model. Within this model, two different

gliders. This meant that within the model, recapturpriors were used for the parameters of survivalrat

rates could vary across time and among squirrelf adult male and female squirrel gliders. Thetfirs

gliders, respectively. were vague (uniform) distributions. The second
were informative beta distributions based on



Ecology and Society5(3): 27
http://www.ecologyandsociety.org/vol15/iss3/art27/

estimates from the 1997-1998 mark-recaptura slightly lower precision when informative priors
model and a model describing the allometriavere used. The difference in precision between
relationship between body mass and survival ratesodels with vague versus informative priors was
developed by McCarthy et al. (2008). greater for estimates of annual survival rates in
control populations than estimates for freeway
Probability of recapture in freeway populations  populations. In all cases, the difference in pienis
between estimates with and without informative
The probability of recapture per night in freewaypriors was small (Table 2, Figs. 2 and 3).
populations was measured separately for male and
female squirrel gliders but with no fixed effect fo
the survival period (instead, there was a randorRelative apparent survival rate
effect for trapping “days”). Recapture rates were
similar for male and female gliders. For maleThe survival rate of both male and female squirrel
squirrel gliders, the mean and 95% credible intsrvagliders in freeway populations was approximately
for the recapture rate were 0.20 [0.10, 0.37] with one-third of that in control populations. An
vague prior for survival rates, and 0.19 [0.106D.3 approximate ratio of one-third was evident with
with an informative prior for survival rates. For vague priors (mean = 0.40 [0.25, 0.61]) and with
females, the recapture rate was 0.20 [0.11, 0.3#formative priors (mean = 0.37 [0.24, 0.53]) (Fig.
with a vague prior for survival rates, and 0.2@10. 4, Table 2). The precision of estimates is represkn
0.36] with an informative prior for survival rates by the size of their credible interval, where a
(Table 2). The standard deviation of the threeomparatively smaller credible interval indicates
random effects for recapture rates indicates thgreater precision. Including informative priorsynl
variation in recapture rates among trap nightsssit slightly improved the precision of the estimate for
and individuals. With an informative prior for the relative survival rate of squirrel gliders.
survival rates, the standard deviation with 95%
credible intervals for these random effects wa8 0.3
[0.11, 0.65] for trap nights, 0.53 [0.11, 1.37] for
sites, and 0.53 [0.27, 0.80] for individuals.
DISCUSSION
Apparent annual survival rate
Reduced apparent annual survival rate
Survival rate was estimated separately for each sex
and survival period. These four parameters wer€his study indicates that between August 2005 and
estimated with and without informative priors.February 2008, the apparent annual survival rate of
While the point estimates for the mean of thesquirrel gliders in populations near the Hume
survival rate appeared higher in the first survivaFreeway was one-third of the rate in populations
period, the 95% credible intervals overlappedocated at least 5 km away (control populations) .
between both survival periods and both sexes witlm control populations, squirrel gliders were
and without an informative prior (Figs. 2 and 3,exposed to a much lower traffic volume, and habitat
Table 2). As well as demonstrating similarity inwas intersected by a road of much smaller width
estimates between the first and second survivéthan the Hume Freeway. The rate of true survival
periods, these estimates suggest that annual alrviend site fidelity, and therefore the rate of mamtal
rates were consistently lower in freewayand emigration, respectively, were not individually
populations compared with control populationsestimated in this study, so the low apparent annual
across the two survival periods, and that survivadurvival rate in freeway populations may be due to
rates were lower in freeway populations for botran increased rate of mortality in freeway
males and females. populations, higher rates of emigration from
freeway populations, or a combination of both.
In the above estimates, greater precision was
obtained when informative priors were placed omhere is a large amount of evidence that roads, and
survival rates in control populations than when almore specifically vehicles, are a mortality risk fo
parameters had a vague prior, with one exceptiomany species of wildlife (e.g., Groot Bruinderink
annual survival rates of males in freewayand Hazebroek 1996, Lodé 2000, Clevenger et al.
populations during the second survival period ha@003, Ramp et al. 2005, Lovari et al. 2007). The
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Table 2. Parameter estimates from the 2005-2008 mark-recapture model using data from squirrel glider
(Petaurus norfolcensis) populations in southeast Australia. For each parameter, two values are provided: the first
was estimated with vague priors; the one underneath was estimated with informative priors for annual survival
rates in control populations.

. 5 -
Parameter Sex Sur\{lval Mean sS.D. 95./0 credible
period interval

Relative apparent survival rate

, 040 009  [0.25,0.61]
Combined Combined 37 0,07  [0.24, 0.53]

Apparent annual survival rate in control populations
0.78 0.15 [0.45, 0.99]

Male First 0.73  0.08 [0.57, 0.87]
) 0.67 0.14 [0.40, 0.92]
Female First 0.66 0.07 [0.52, 0.79]

0.38  0.09  [0.22, 0.57]
Male Second g0 0.08  [0.44, 0.74]

0.52  0.09  [0.35, 0.69]
Female  Second 0.62  0.07 [0.48, 0.75]

Apparent annual survival rate in freeway populations

_ 0.31  0.07  [0.18, 0.46]
Male First 0.27  0.06  [0.17, 0.40]

_ 0.26 0.07  [0.15, 0.40]
Female  First 0.25  0.05  [0.15, 0.36]

0.15  0.05  [0.08, 0.26]
Male Second 0.22  0.05 [0.14, 0.33]

020 0.05  [0.12,0.32]
Female  Second 0.23  0.05  [0.14, 0.33]

Probability of recapture in freeway populations

_ 0.20 0.07  [0.10, 0.37]
Male Combined 519 (.06 [0.10, 0.36]

, 0.20  0.07  [0.11,0.37]
Female ~ Combined 59 (.06  [0.11, 0.36]
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Fig. 2. Apparent annual survival rate of male squirréeyls Petaurus norfolcensjsn control and

freeway populations. Open circles are mean estsnith vague priors; shaded circles are estimates
with informative priors. Bars are 95% credible mds. Survival period refers to either of two time
intervals over which apparent survival rates wetéreated. The first survival period includes trap
sessions between August 2005 and December 2008etload includes sessions between January 2007
and February 2008.
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research linking road effects with consequences affects on abundance associated with roads (Fahrig
the population level has identified a reduction irand Rytwinski 2009). Because we did not calculate
demographic rates (Foppen and Reijnen 1994bundance, we do not know whether the populations
Mumme et al. 2000, Row et al. 2007), an increasede sampled would have shown a similar pattern as
risk of extinction (Gibbs and Shriver 2005), and ahose in Fahrig and Rytwinski's (2009) review.
reduction in population densities or abundanc®ifferences between freeway and control sites in
(Fahrig et al. 1995, Marsh and Beckman 2004glider density or age structure may cause diffezenc
Fahrig and Rytwinski 2009). Arecent review of roadn survival, although we do not anticipate thasthi
effects on animal abundance showed considerabkethe case.

variation in the size and direction of road effewts

animal abundance (Fahrig and Rytwinski 2009)Squirrel gliders do attempt to cross roads, ankdrig
Amphibians, reptiles, and large mammals wereates of crossing have been reported at locations
mostly negatively affected, while birds andwhere there were tall trees in the center median
medium-sized mammals were predominantlyCesarini et al. 2010). Tall trees were preseahat
negatively affected or not affected. In contrast, f of the three freeway sites surveyed in this stady,
small mammals (the size category in which squirrelh many other sections along this road. Depending
gliders fit), there was a pattern of positive or nmn the height of and distance between launching and
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Fig. 3. Apparent annual survival rate of female squigtElers Petaurus norfolcensjsn control and
freeway populations. Open circles are mean estsnith vague priors; shaded circles are estimates
with informative priors. Bars are 95% credible mds. Survival period refers to either of two time
intervals over which apparent survival rates wetéreated. The first survival period includes trap
sessions between August 2005 and December 2008etload includes sessions between January 2007
and February 2008.
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landing trees, and the angle that an animal takes &s is qualification of whether this translates into
its glide, the glide profile may place an animalhigher predation rates of squirrel gliders along th
within the path of vehicles. Dead squirrel glidersreeway.

have been found along the Hume Freeway,

presumably dying after colliding with a vehicle. The presence of squirrel gliders at more thant88 si
Higher predation rates along the freeway due, fatlong the Hume Freeway in southeast Australia
example, to reduced concealment from potentiahdicates that the species is tolerant of roadk wit
predators and higher predator densities may aldogh traffic volume (van der Reenpublished data
contribute to higher mortality rates along theHowever, an additional explanation for reduced
freeway. Studies of predator densities along largapparent survival is that the road and traffic may
roads have found inconsistent responses amomdfer emigration rates. Aspects of the roadside
species, with examples of positive, negative, andegetation, the road itself, and disturbance by
neutral population responses all seemingly evidenehicles may attract or repel animals. Furthenstud
(Meunier et al. 2000, Bautista et al. 2004, Fahrigfthe behavior of individuals is required to etiatie
and Rytwinski 2009). Whether predator populationshe importance of movement rates among
are at higher densities along the Hume Freeway thgpulations along major roads.

populations at control sites is yet to be deterhine
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Fig. 4. Relative apparent survival rate (ratio of appaeemual survival in freeway populations to
apparent annual survival in control populationsjinale and female squirrel glidefRgtaurus
norfolcensi$ in southeast Australia, 2005-2008. The openeiscthe mean estimate with vague priors;
the shaded circle is the mean estimate with infaumaariors for apparent survival in control
populations. Bars are 95% credible intervals.
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Potential effects on the wider population cleared considerably, and most woodland
vegetation occurs as a network of linear strips.
It was estimated that approximately three-quarterSontinued immigration requires source populations
of both male and female adult squirrel gliders ar@s well as movement corridors, and in the study,are
lost from freeway populations on an annual basithe network of linear strips provides habitat and
via mortality and/or emigration (Figs. 2 and 3,Bab connectivity (van der Ree 2002, van der Ree and
2). Based on this estimate, arecruitment ratereét Bennett 2003). The isolated single trees and small
animals per remaining individual is required topatches of trees in cleared farmland are also
maintain a stable population size. Withoutimportant components of habitat and connectivity
immigration, the annual natality rate (the number o(van der Ree et al. 2003).
offspring born per adult female) would need to be
a minimum of six offspring (assuming an equal sexn contrast, approximately one-third of squirrel
ratio), with the assumption that all reach the adulgliders were lost annually from control populations
stage. However, this rate is considerably higharth as a consequence of mortality or emigration. This
the more likely annual natality rate of 1.7-2.4rfdu would require a recruitment rate of approximately
across a number of studies in eastern Australia (vane animal for every two remaining individuals to
der Ree 2000). Therefore, immigration appears tmaintain a stable population size. This requires an
be critical for maintaining populations close te th average annual natality rate of two offspring per
Hume Freeway, which is consistent, although naadult female, contingent on there being no
definitively, with a proposal that these populason immigration, on all offspring reaching the adult
are sinks (i.e., natality is not high enough tcstage, and on an equal sex ratio. Assuming that
compensate for mortality [Pulliam 1988]). Thisneither control nor freeway populations are stgadil
could reduce abundance of the wider population ihcreasing or decreasing in size, it seems probable
an increased risk of mortality is associated with t that a greater proportion of each freeway poputatio
freeway (see, for example, the discussion owas derived from immigrated individuals than was
ecological traps in Schlaepfer et al. 2002). Thehe proportion of control populations.
Eucalyptusvoodland across the study area has been
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Informative priors A recent trend to install glider poles (tall timber
poles with a horizontal crossarm (van der Ree 2006,
Ecologists have used Bayesian priors and met&all and Goldingay 2008) may facilitate squirrel
analyses to combine information from differentglider movement across the freeway. While glider
sources (Downing et al. 1999, Hedges et al. 1999ples and tall trees in the median may improve
Ellison 2004, McCarthy 2007). Some examples otonnectivity across the road, they may have
information sources that have been used famegative consequences for populations if they
Bayesian informative priors in ecological researclincrease mortality rates by placing gliding
are collateral studies (e.g., McCarthy and Mastensdividuals in the path of oncoming vehicles. This
2005, Mackey et al. 2008), predictions based omay occur if poles are not of adequate height for
patterns in life history (e.g., McCarthy and Master animals to remain above vehicles given the distance
2005, McCarthy et al. 2008), and expert opinion (et0 a second pole or tree. Alternatively, poles may
g., Martin et al. 2005). In this study, informativebe of adequate height to allow this; however, there
priors provided support for our estimates througls no guarantee that an animal will not glide at an
similarities between estimates of relative survivahngle that brings it to the level of vehicles.
with and without the use of prior information, and
similarities between the prior information andAn important next step in designing and evaluating
estimates of apparent annual survival. mitigation options for gliders involves a compariso
of crossing rates, apparent survival rates, and
A number of ecological studies have improved th@opulation density among the different treatment
precision of model estimates by including Bayesiawptions and their effectiveness at increasing
informative priors (e.g., Martin et al. 2005, population viability (van der Ree et al. 2009).
McCarthy and Masters 2005, McCarthy et al. 2008)nformation on fecundity and behavioral changes
In our study, there was a small but noticeablalong roadsides before and after the implementation
improvement in precision for estimates of apparendf mitigation measures will also inform analyses of
annual survival rates when some prior informatiorpopulation viability, and could contribute to
was included compared with using vague priors, buhanagement choices. Separation of apparent
there was little or no improvement in the precisiorsurvival rates into true survival rates and sielity
of the relative apparent survival rate wherrates could also play a useful role in predictimg t
informative priors were used. This could be becauseffect of mitigation measures on the wider
models included only informative priors for population. For example, if apparent survival rates
apparent survival rates in control populationswere to decrease with the implementation of
Because the relative survival rate is also infleehc mitigation, the assessment of the effectiveness of
by the apparent annual survival rate in freewayhe technique could be very different depending on
populations and the probability of recapture, priowhether both or only one of mortality and
information for these parameters could potentialllemigration rates have increased. A range of
improve the precision of the relative survival ratetechniques are available, including radio-telemetry
Likewise, estimates of apparent annual survival im more extensive mark-recapture framework, or a
control and freeway populations could potentiallycombination of mark-recapture methods with data
be improved with the same information. on the recovery of dead animals. An overview of
these techniques can be found in Sandercock (2003),
and a more extensive description of some methods
Management of populations near roads is provided in Hestbeck et al. 1991, Schwartz et al
1993, and Joe and Pollock 2002.
The approach taken to manage squirrel glider
populations near large roads may vary dependinbhere are increasing attempts across Europe, North
on the importance of maintaining connectivityAmerica, and Australia to mitigate the barrier and
among populations or reducing mortality rates (vamortality effects of roads and traffic on wildlif@ur
der Ree 2006). A mitigation measure that improvestudy has shown that evaluating these mitigation
one of these factors could potentially be detrirakent approaches will be more informative if changes to
to the other, and this will have implications forpopulation rates as well as behavioral responges ar
persistence of the wider population. As mentioned;onsidered. For example, confirming that squirrel
squirrel gliders will glide across the road, withgliders will use a glider pole to traverse a road
crossing rates highest when tall trees are pr@sentwithout documenting rates of mortality will only
the center median (Cesarini et al. 2010). provide a partial story of success. A recent review
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of literature on the use and effectiveness of iddl the use of space by raptor€Conservation

crossing structures indicated that most studieBiology18:726—732.

reported only use, and very few measured

effectiveness (van der Ree et al. 2007). A thorougBernhardt-Romermann, M., M. Kirchner, T.

investigation of survival rates and the relativeKudernatsch, G. Jakobi, and A. Fischer.2006.

contribution of mortality and emigration are Changed vegetation composition in coniferous

required to identify the nature and extent of theer  forests near to motorways in Southern Germany: the

problem and the appropriate form of mitigationeffects of traffic-born pollution.Environmental

required. Similarly, the effectiveness of mitigatio Pollution143572-581.

efforts should evaluate the specific issue that is

contributing most to reduced levels of populatiorBignal, K. L., M. R. Ashmore, A. D. Headley, K.

viability. Stewart, and K. Weigert.2007. Ecological impacts
of air pollution from road transport on local
vegetationApplied Geochemistrg21265-1271.
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responses/ Shine. 2006. Toad on the road: Use of roads as
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