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Abstract The disappearance of amphibian populations from seemingly pristine upland areas worldwide has
become a major focus of conservation efforts in the last two decades, and a parasitic chytrid fungus, Batra-
chochytrium dendrobanidis, is thought to be the causative agent of the population declines. We examined the
altitudinal distribution of chytrid infections in three stream-dwelling frog species (Litoria wilcoxii, L. pearsoniana and
L. chloris) in southeast Queensland, Australia, and hypothesized that if B. dendrobatidis were responsible for the
disappearance of high-altitude frog populations, infection prevalence and intensity would be greatest at higher
altitudes. Overall, 37.7% of the 798 adult frogs we sampled were infected with B. dendrobatidis, and infections were
found in all the populations we examined. Contrary to our initial hypothesis, we found no consistent evidence that
high-altitude frogs were more likely to be infected than were lowland frogs. Further, the intensity of fungal
infections (number of zoospores) on high-altitude frogs did not differ significantly from that of lowland frogs.
Batrachochytrium dendrobatidis appears to be capable of infecting frogs at all altitudes in the subtropics, suggesting
that all populations are at risk of decline when conditions favour disease outbreaks. We did find evidence, however,
that chytrid infections persist longer into summer in upland as compared with lowland areas, suggesting that
montane amphibian populations remain susceptible to disease outbreaks for longer periods than do lowland
populations. Further, we found that at high altitudes, temperatures optimal for chytrid growth and reproduction
coincide with frog metamorphosis, the life-stage at which frogs are most susceptible to chytrid infections. While
these altitudinal differences may account for the differential population-level responses to the presence of B.
dendrobatidis, the reason why many of southeast Queensland’s montane frog populations declined precipitously
while lowland populations remained stable has yet to be resolved.
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INTRODUCTION (Bradford 1991; Richards er al. 1993; Lips 1998;

Bosch ez al. 2001; Muths ez al. 2003; La Marca et al.

The accelerating loss of biodiversity worldwide in
recent decades is exemplified by the current status of
the world’s amphibian species, nearly one-third of
which are threatened with extinction (Stuart ez al
2004), and many of which have not been seen in
decades (Lla Marca et al. 2005). While habitat destruc-
tion and over-exploitation are the primary threats to
much of the world’s fauna (Baillie er al. 2004; Li &
Wilcove 2005), many amphibian declines and disap-
pearances have taken place in protected wilderness
areas where no obvious cause can be identified (Brad-
ford 1991; Kagarise Sherman & Morton 1993; Pounds
& Crump 1994; Hero & Morrison 2004; LLa Marca
et al. 2005), and unidentified processes threaten 48%
of rapidly declining species (Stuart er al. 2004).
Amphibian population declines and extinctions
worldwide have been concentrated in montane regions
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2005; Rachowicz et al. 2006), and 85% of the world’s
threatened frog species occur at high altitudes (Hero &
Morrison 2004). In Central America, declines have
generally occurred above 500 m altitude, and in the
Andes above 1000 m (Young ez al. 2001). Population
declines of montane harlequin frogs (Bufonidae: Aze-
lopus) have been particularly severe: all 28 upland
species with sufficient population trend data have suf-
fered declines, and 21 (75%) of these species are pre-
sumed extinct (La Marca et al. 2005). In Australia,
41% of upland species (predominantly distributed
above 400 m a.s.l.) are threatened, versus only 8% of
lowland species (Hero & Morrison 2004), and there
are at least four tropical species (Litoria nannotis, L.
rheocola, Nyctimystes dayt and Taudactylus eungellensis)
whose upland populations have declined precipitously,
while lowland populations have remained stable
(McDonald & Alford 1999). Conservation pro-
grammes urgently require the accurate identification
of the causal agent(s) responsible for these high-
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altitude amphibian declines and extinctions. Though
the cooler temperatures associated with montane areas
have been shown to increase the sensitivity of larval
and embryonic amphibians to UV-B radiation (van
Uitregt er al. 2007), it is unlikely that the detrimental
effects of UV-B would be a significant factor in the
decline of montane rainforest amphibians worldwide
(e.g. Heyer er al. 1988; Richards et al. 1993; Lips ez al.
2006), as the thick rainforest canopy provides substan-
tial protection from harmful UV-B radiation.

Batrachochytrium  dendrobanidis is a pathogenic
chytrid fungus that has been recovered from dead
and dying amphibians concurrent with mass mor-
talities, population declines and species extinctions at
montane sites worldwide (Berger ez al. 1998; Bosch
et al. 2001; Green et al. 2002; Burrowes et al. 2004;
Weldon & du Preez 2004; Lips et al. 2006; Schloegel
et al. 2006), and multiple lines of evidence suggest the
fungus has recently been introduced to many regions
(including Australia) via anthropogenic means
(Mazzoni et al. 2003; Morehouse ez al. 2003; Rachow-
icz et al. 2005; Lips et al. 2006). The thermal require-
ments of B. dendrobatidis have been well documented:
in the laboratory, the fungus can survive freezing,
grows best from 17 to 25°C, fails to make substantial
growth above 28°C, and is killed after 96 h at 32°C
(Longcore et al. 1999; Johnson er al. 2003; Piotrowski
et al. 2004). Results from disease surveys of wild
amphibian populations parallel laboratory findings,
with infection prevalence and intensity increasing in
cooler months (Berger et al. 2004; Retallick ez al.
2004; Ouellet et al. 2005; Woodhams & Alford 2005;
Kriger & Hero 2007), and at cooler latitudes (Kriger
et al. 2007a). As B. dendrobatidis appears to have a clear
preference for the cool temperatures generally as-
sociated with montane regions, chytridiomycosis (the
cutaneous infection caused by the fungus: Berger ez al.
(1998)) has become the leading explanation put forth
for the global decline of montane amphibian popula-
tions (Daszak eral 1999; La Marca eral. 2005;
Pounds ez al. 2006). However, while B. dendrobatidis
has been detected in alpine regions as high as 5348 m
a.s.l. (Seimon ez al. 2007), it has also been detected at
approximately sea level (Kriger er al. 2007a).

If chytridiomycosis were the primary cause of
amphibian population declines in montane regions, we
would expect that the prevalence and/or intensity of
chytrid infections would increase with corresponding
increases in altitude. McDonald er al. (2005) exam-
ined chytrid infections in four north Queensland frog
species and determined a significant overall increase in
infection prevalence above 300 m. However, their sta-
tistical analysis was based on data pooled from multi-
ple species that were sampled in different seasons and
from a wide geographic range (37 sites from an undis-
closed number of catchments). Thus it was not pos-
sible to determine the magnitude of the altitudinal
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effect in frog populations in the individual catchments,
or whether the effect existed in all four frog species or
in all catchments. To date, there have been only two
published studies that have examined the altitudinal
variation in the prevalence of amphibian chytrid
infections within individual catchments, and those
studies yielded conflicting results. Woodhams & Alford
(2005) determined that upland green-eyed treefrogs
(Litoria gemimaculata) were 2.5 times more likely to
carry chytrid infections than were their lowland
counterparts. In contrast, Retallick ez al. (2004) found
no evidence of increased infection prevalence in
upland Eungella torrent frogs (7. eungellensis). Further-
more, owing to their having used histology to diagnose
chytrid infections, neither of the above studies was able
to quantify the number of B. dendrobatidis zoospores
present on infected samples, and thus there exists no
published information regarding the altitudinal varia-
tion in the intensity of chytrid infections. In this study,
we use molecular diagnostic techniques to examine the
altitudinal variation in both the prevalence and inten-
sity of chytrid infections in three stream-dwelling
frog species of subtropical southeast Queensland,
Australia.

METHODS

Frog surveys

Sampling was conducted in the Nerang River, Canun-
gra Creek and Mary River catchments of southeast
Queensland, and most sites were within protected
areas of Springbrook, Lamington and Conondale
National Parks (Table 1). Declines in Australia and
abroad have been concentrated in stream-dwelling
species (Williams & Hero 1998; Stuart et al. 2004;
Hero ez al. 2005), so we restricted our sampling to the
southern orange-eyed treefrog (Litoria chioris), cascade
treefrog (L. pearsoniana) and stony creek frog (L. wil-
coxui, formerly L. lesueurt), three species that have
aquatic larvae and are generally encountered within
5 m of streams. Furthermore, these species have large
altitudinal ranges (Morrison ez al. 2004), and chytrid
infections are known to occur in frog populations from
all three catchments (Kriger et al. 2006a).

Sampling took place over the course of two field
seasons (Year 1: 22 October 2004 to 26 January 2005;
Year 2: 3 November 2005 to 25 January 2006). We
sampled frogs along altitudinal transects within each
catchment, and attempted to capture at least 100
adults of each species per transect. Rather than
restricting our sampling to solely an upland and
lowland site in each catchment, we sampled frogs from
as many altitudes within a catchment as was logisti-
cally possible. Litoria pearsoniana was sufficiently
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Table 1. Location of sampling sites

Latitude (S) Longitude (E) Species
Location deg min sec deg min sec Altitude (m) sampled
Nerang River Catchment
Mundora Creek 28°1326” 153°17°06” 790 LC,LP
Rush Creek — Tallanbana 28°13'30” 153°16'19” 785 1LC
Boy-Ull Creek — above Twin Falls 28°13’34” 153°1634” 760 LG, LP
Boy-Ull Creek — below Twin Falls 28°1326” 153°1630” 720 LP
Purling Brook — road crossing 28°1142” 153°16'19” 590 LG, LP
Purling Brook — below falls 28°11'20” 153°16’16” 460 LP
Warringa Pools 28°10'59” 153°16’05” 360 LG, LP
Natural Bridge 28°1359” 153°14’31” 270 LC,LP
Waterfall Creek 28°09°47” 153°14'53” 250 LC
Dave’s Creek 28°13’30” 153°13’23” 235 LC,LP
Austinville 28°1048” 153°18'25” 110 LC,LP
Austinville — Moffat Crossing 28°10'16” 153°1825” 90 LG, LP
Canungra Creek Catchment
Toolona Creek — Gwongurai Falls 28°14742” 153°0936” 885 LP
Canungra Creek — Picnic Rock 28°1326” 153°09'11” 810 LP
Canungra Creek — Darragumai Falls 28°1428” 153°0907” 730 LP
Canungra Creek — Yanbacoochie Falls 28°1413” 153°08’53” 680 LP
Canungra Creek — Blue Pools 28°13’01” 153°0824” 475 LP
Canungra Creek — Yandooya 28°0813” 153°08’02” 240 LP
Mary River Catchment
Six Mile Creek headwaters 26°43'12” 152°33’22” 680 LP
Summer Creek 26°39'47” 152°34’44” 600 LP
Six Mile Creek — Middle Road 26°4413” 152°3047” 545 10\%
Bundaroo Creek 26°41'35” 152°3640” 495 LP
Peter’s Creek 26°40'52” 152°36'22” 475 LpP
Booloumba Falls 26°41'10” 152°37'12” 430 LP, LW
Booloumba Creek — Campground #3 26°39'04” 152°3817” 130 LP, LW
East Cedar Creek 26°3340” 152°50'53” 120 LP

Sampling took place within 40 vertical meters of given altitude. LC = Litoria chloris; LP = L. pearsoniana; LW = L. wilcoxii.

abundant across the altitudinal gradients of all three
catchments to allow transects to be completed, but L.
chloris only in the Nerang River catchment, and L.
wilcoxii only in the Mary River catchment. To deter-
mine whether the qualitative results of individual
transects would remain consistent through time, L.
pearsoniana in the Canungra Creek catchment and L.
chloris in the Nerang River catchment were sampled in
two consecutive years, and transects for L. pearsoniana
in the Nerang River catchment were conducted twice
within Year 2, once in spring and once in summer. The
main breeding seasons for our three study species end
by late January (K.M.K. pers. obs. 2004, 2005, 2006),
and attempts to conduct transects after this point
resulted in insufficient numbers of frogs. Thus, eight
complete altitudinal transects were conducted.
Chytrid infection levels in the region can change
drastically over short time periods (Kriger & Hero
2007). To avoid introducing a confounding effect of
season, we attempted to complete sampling within
each transect in as short a timeframe as possible, and
every effort was made to ensure that sampling at dif-

doi:10.1111/j.1442-9993.2008.01872.x

ferent altitudes was undertaken in a randomized
fashion with respect to time.

Frogs were captured using clean, unused 20 X
25 cm plastic bags. We sampled each frog for B.
dendrobaridis by firmly running a cotton swab (Medical
Wire & Equipment, MW 100-100; Kriger ez al
(2006Db)) 10 times over each of the following locations:
(i) the frog’s dorsal surface; (ii) the frog’s sides, from
groin to armpit; (iii) the ventral surface; and (iv) the
undersides of the thighs. Additionally, five outward
strokes of the swab were employed on the undersides
of each frog’s feet, for a total of 70 strokes. Swabs were
then replaced in their original container (a plastic
tube), stored on ice in a cooler upon return from the
field, and frozen at —20°C. All frogs were handled with
unused non-powdered latex gloves to prevent disease
transmission between animals, and were released
immediately after sampling. To ensure that no frogs
were inadvertently sampled twice, sampling of frogs
did not commence until all frogs at a given section of
stream were caught, and no further sampling took
place at that section of stream after frogs were released.
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Stream water temperature was recorded at the start
and end of each sampling session (roughly 1900 and
2400 h), and an average of the two readings was used
to represent water temperature for the sampling
session. In the Nerang River catchment, we used
Thermochron iButton DS1921G temperature loggers
(Dallas Semiconductor, sourced from Alfatek, Bayswa-
ter, Victoria, Australia) to record air temperature at five
altitudes (90 m, 155 m, 400 m, 600 m, 770 m) every
90 min. We placed the temperature loggers at ground
level in shaded areas, so as to best approximate the
thermal range experienced by the nocturnal frogs we
were studying.

Laboratory analysis

Swabs were analysed for the presence of B. dendroba-
udis using quantitative (real-time) polymerase chain-
reaction techniques (QPCR) described by Boyle ez al.
(2004), and employing the changes described by
Kriger er al. (2006a). Thus, all samples that tested
positive in the initial singlicate qPCR assay were
re-analysed using a triplicate assay and a full set of B.
dendrobatidis standards, in order to confirm the initial
result and accurately quantify the number of B. den-
drobatidis zoospores present.

Data analysis

We assigned a positive infection status to any frog on
whose swab at least one B. dendrobatidis zoospore
equivalent was detected (Kriger er al. 2007b). Disease
prevalence for each transect was calculated by dividing
the number of frogs positive for B. dendrobatidis by the
total number of frogs sampled. We used the mean value
of B. dendrobatidis zoospore equivalents detected in the
three replicates of a swab’s triplicate PCR analysis
as an index of the intensity of an individual frog’s
infection. For simplicity, zoospore equivalents are
hereafter referred to as zoospores. We used logistic
regression to determine if the likelihood of a frog being
infected with B. dendrobatidis varied significantly with
altitude. Each of the eight transects was analysed
individually. For each transect, we used linear regres-
sion to examine the relationship between altitude and
the number of B. dendrobandis zoospores (log-
transformed) detected on infected frogs. To determine
the relationship between water temperature and infec-
tion levels, we performed the above-mentioned analy-
ses with water temperature replacing altitude as the
predictor variable. We also combined all frogs from
Year 1, all frogs from Year 2, and all frogs from both
years, and performed the logistic and linear regres-
sions mentioned above. We used an ANCOVA (with
transect as the independent variable, altitude as the
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covariate and the number of zoospores on infected
frogs as the dependent variable) to test for an interac-
tion between transect and altitude with respect to the
number of zoospores detected on infected frogs.

To test for a potential interaction between season
and altitude with respect to the prevalence and
intensity of B. dendrobanidis infections, we categorized
all Year 2 frogs into either upland (above 400 m)
or lowland (below 400 m) frogs. We then used the
number of days elapsed since the date of the season’s
first sampling session as an independent variable and
either a frog’s PCR result (positive/negative) or the
number of zoospores on infected frogs as the dependent
variable, and compared results of logistic and linear
regressions for each group of frogs (upland or lowland).

The failure of a researcher to detect a statistically
significant effect can indicate either that no significant
effect existed, or that the researcher had insufficient
power to detect the effect. For all transects that yielded
non-significant results, and for the analyses of all frogs
from either Year 1, Year 2 or Years 1 & 2 combined, we
used PASS 2008 (Hintze 2008) to calculate the power
of our logistic and linear regressions to detect signifi-
cant effects of altitude on B. dendrobaridis levels. Few
data exist regarding the variation in B. dendrobatidis
infection levels across environmental gradients. Kriger
et al. (2007a) demonstrated that the prevalence of
chytrid infection in L. wilcoxii could increase by as
much as 24% along a latitudinal gradient and Kriger
and Hero (2007) demonstrated that infection preva-
lence in a single L. wilcoxii population could vary by
as much as 58.3% depending on recent ambient
temperatures. We took a conservative approach and
chose a 15% increase in prevalence as the effect size we
wished to detect across the altitudinal transects
examined. Voyles et al. (2007) found that clinically
infected Litoria caerulea carried approximately 100
times as many B. dendrobatidis zoospores as did aclini-
cally infected conspecifics, and Kriger er al. (2007a)
detected a 20-fold increase in the number of B.
dendrobatidis zoospores at sites along a latitudinal
gradient. For our power calculations, we conservatively
chose the latter of these two values to represent the
increase in B. dendrobatidis zoospores we wished to
detect across our altitudinal transects.

RESULTS

Batrachochytrium dendrobatidis was detected on 37.7%
of the 798 frogs we sampled, and in all the populations
and species we examined. The chytrid fungus is widely
distributed across the altitudinal gradient in southeast
Queensland, and we found no consistent evidence that
either the prevalence or intensity of chytrid infections
increases with altitude. Chytrid infection prevalence
was significantly higher in upland frogs on two
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transects, but significantly higher in lowland frogs
on two other transects (Table 2). There were non-
significant trends towards increasing prevalence in
upland frogs for two transects, and two transects
showed no relationship between chytrid prevalence
and altitude. When analyses were repeated on all Year 1
frogs, all Year 2 frogs, or all frogs from the entire study,
we found no relationships between altitude and preva-
lence (Table 3). Power analyses demonstrated that all
of the above-mentioned analyses had over 80% power
to detect a 15% increase in infection prevalence across
the altitudinal gradient.

The number of B. dendrobatidis zoospores detected
on infected frogs ranged from 1 to 51 082 (arithmetic
mean = 1689; geometric mean = 136; median = 124;
n=301). There was a significant interaction between
altitude and transect with respect to the number of
zoospores detected on infected frogs (ANCOVA:
F=258, d.f.=6, P=0.019). On two transects the
number of B. dendrobatidis zoospores detected on
infected frogs increased significantly with altitude, but
on five transects it did not (Table 2, Fig. 1). One alti-
tudinal transect (Nerang River L. chloris, Year 1) did
not have sufficient numbers of infected frogs to allow
an analysis to be performed. Contrasting results were
also obtained from linear regressions using all frogs
from Year 1, Year 2, or both years combined (Table 3).
In Year 1 there were significantly more zoospores
infecting frogs at higher altitudes (P = 0.034), but for
Year 2 and both years combined there was no such
relationship (P =0.48, P=0.060, respectively; Fig.

1h). The independent variable altitude was unable to

explain more than 5% of the variation in zoospore
levels in any of the three analyses. While the relation-
ship between altitude and zoospores for both years
combined approached significance (P = 0.060), the
corresponding 7* value was so low (0.012) that we
do not consider the relationship to be biologically
significant. Power analyses demonstrated that all but
two of the above-mentioned analyses would have had
over 87% power to detect a 20-fold increase in the
number of B. dendrobatidis zoospores along the altitu-
dinal transect. The Canungra Creek L. pearsoniana
(Year 1) and the Mary River L. wilcoxii transects had
79.3% and 43.7% power, respectively. The low power
on these transects was likely due to the extreme varia-
tion in infection levels: the number of zoospores
detected on infected frogs varied by over four orders of
magnitude (Fig. 1a and b).

Three transects were replicated in two different time
periods. For all three pairs of transects, the results
obtained differed between the first and second repli-
cates (Table 2). In Year 1, there was no relationship
between altitude and either the prevalence (P = 0.74)
or intensity (P = 0.21) of chytrid infections in Canun-
gra Creek L. pearsoniana, but in Year 2 significant
positive relationships existed for both analyses (P =

doi:10.1111/j.1442-9993.2008.01872.x

=} o) W A~
1S S a Nnoood
p= Sso o053
b5 - 2ge <S<2<ee9
- S © ogco9s
- 7
— [
|k
v a,
S
o 3 N O e 000
A 3 O "~ © O wo
& N | & Sg~ SxqaaS
5 0 c o oocococo
- |
3
Na [sa) 0 O Al — — D~
o N BO OO M —~
o ~ =R R NS OO~
.g c o oocococo
Q
=%
()
o o —no g on
g)n = [« o] — O 00 O
g 9 T TET0TF .
;_‘ N Ll g
— = el
i |2 3
g s
R ~ a =
= 0N on o S O N w 0 153
< R NN SO I~ ©
4 NS feceee | L
= cooc oocooo @
3 o
3 I
~
2 I
3 o mow co-m-|8
= X 0 O O S o~ 0N <
< F D FIFON® v
§ &
3 >
~
~ 172}
S -
3 n ®AO®@ Ao~ g
) NIn® oo w— |8
= 8| L@ — — o
3 2 2
5 = g
3 A 3
P E
8 = <+ = n 0N 0N
E2|5 . 233 £282g|5m
Lol g b Lo o> O > 0 > 1 (%)
EE12 5| 88E B24%2%|
Q"{i 2 2 T Q||||'T’ E?
g = >~ 00 [ g5
< B O — A — —
@ a
%8 5
g2 2
S 3
w5 I3 nowm 1NoOOOooO
o = s} 0 o ¥ 0 O 0O k4
go| 28] 2990 YIeNT| @
8 e g8 coo woowmo | 8
g s b FOA~ FESIQAR @
Q N — N — =
=g=t )
S'g n
% Bh
s % .
g < © —~ o 1n o £
—
2o N S—=I~ OoqOO <
s @ — — =}
a5 0 o
H(IJ -
Q =
— «
gu o)
g <& 3 °
N
aﬁ S 2
£35 3 g
cRA 2 S g 22| &
g = 8 g S 333 &
3 s S S8
LHE & &nx Q.2 9 S O 1]
g < 5 3 gsg¢g¢g
g . @ B AN sSIss33 |7
&g §5% &3 &Ly
&Y A e N N S -
g3 g
9] =]
.Sw o
> g =
8 B Y 2 =
g w P 8 &
£ & 55, 55,882
5. 958 SEsss|s
2 .| sEE sEEEE |3
.8 5| 2wX Fodww|g
N g S Sk Ssss |
[P Sl " g s RaNg s s H
= g 3] o 39 o © 9 0 U n
23 flgozsgoz=zz | &
= a O | > >

© 2008 The Authors
Journal compilation © 2008 Ecological Society of Australia



ALTITUDINAL DISTRIBUTION OF CHYTRID INFECTION 1027

Table 3. Results for tests of significant variation with altitude in either the prevalence of Barrachochytrium dendrobaridis
infection or the number of B. dendrobaridis zoospores detected on infected frogs, combining all frogs sampled in a given time

period, irrespective of catchment or species

Prevalence Log Zoospores
Time period n P Wald r P B
Year 1 290 0.400 0.71 0.047 0.034 0.001
Year 2 508 0.713 0.14 0.002 0.478 0.0002
Years 1 & 2 798 0.478 0.50 0.012 0.060 0.0004

Significant effects (P < 0.05) are shown in bold.

0.00005, P=0.001, respectively). In Year 1, there was
a significant positive relationship between altitude and
the prevalence of chytrid infection in Nerang River L.
chloris (P=0.033), but in Year 2 no such relationship
existed (P = 0.096). There appeared to be a seasonal
shift in the altitudinal distribution of B. dendrobatidis in
L. pearsoniana on the Nerang River: in the springtime,
infection prevalence was significantly greater in the
lowlands (P = 0.011), but by summer there was a non-
significant trend towards increased prevalence at high-
altitudes (P=0.078). And while there was no
relationship between altitude and the intensity of
chytrid infections in the spring (P = 0.30, Fig. 1¢), by
summer high-altitude Nerang River L. pearsoniana
carried significantly more intense infections than did
their lowland counterparts (P?= 0.047, Fig. 1g).

The prevalence of chytrid infection decreased sig-
nificantly in lowland frogs (under 400 m) in Year 2 as
the summer progressed (P = 0.0028,Wald = 8.91), but
no such relationship existed in upland frog populations
(P=0.983, Wald = 0.0005), where infection preva-
lence remained high throughout the sampling season.
While there was no relationship between the date of
sampling and the number of B. dendrobatidis zoospores
detected on infected lowland frogs (P=0.30, r*=
0.011), the number of zoospores detected on infected
upland frogs increased significantly as the summer
progressed (P = 0.0041, ¥ = 0.076).

Air temperatures in the Nerang River catchment
seldom rose higher than 28°C (the temperature above
which B. dendrobatidis fails to make substantial growth
in vitro: Longcore et al. (1999); Piotrowski er al.
(2004)), regardless of altitude, and we did not record
any temperatures below 1°C (Fig. 2). Even at the
lowest altitude for which we have temperature logger
data (90 m a.s.l.), only 0.6% of the readings were
above 28°C. 30-day mean air temperatures never
exceeded 23°C at any of the five sites where we had
temperature loggers, and never fell below 9°C (Fig. 3).
Stream water temperature on the night of sampling
never exceeded 23°C or fell below 13°C at any site in
southeast Queensland during our study (Fig. 4). We
found no consistent evidence that either the preva-
lence or intensity of chytrid infections increased with
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cooler water temperatures. Chytrid infection preva-
lence on three transects (Nerang River L. chloris, Years
1 and 2; Canungra Creek L. pearsoniana, Year 2) was
significantly higher in frogs associated with cooler
water, but significantly higher in frogs associated with
warmer water on two other transects (Mary River and
Nerang River L. pearsoniana, Year 2). The remaining
three transects showed no relationship between chytrid
prevalence and water temperature. While on one
transect (Canungra Creek L. pearsoniana, Year 2) the
number of B. dendrobaridis zoospores detected on
infected frogs increased significantly at cooler water
temperatures, no relationship existed between zoo-
spores and water temperature on the remaining six
transects. One transect (Nerang River L. chloris,Year 1)
did not have sufficient numbers of infected frogs to
allow an analysis to be performed.

Two dead frogs were encountered during this study.
An adult male L. chloris was found dead at 760 m a.s.l.
in the Nerang River catchment on 24 November 2005.
We detected 669 B. dendrobatidis zoospores on this
frog. An adult male great barred frog (Mixophyes fas-
ciolarus) was found dead at 720 m a.s.l. in the Conon-
dale Range on 14 November 2004. No B. dendrobatidis
zoospores were detected on this frog. In both
instances, frogs of these and multiple other species
were calling in the immediate vicinity.

DISCUSSION

A large body of evidence points towards Barra-
chochytrium dendrobaridis preferring cooler tempera-
tures. In the laboratory the fungus grows best and is
most pathogenic to frogs below 25°C (Longcore ez al.
1999; Lamirande & Nichols 2002; Berger ez al. 2004;
Piotrowski er al. 2004), and in wild frog populations
the prevalence and intensity of chytrid infections have
been shown to increase in cooler months (Ouellet ez al.
2005; Woodhams & Alford 2005; Kriger & Hero 2007)
and at cooler latitudes (Kriger er al. 2007a). The
thermal requirements of B. dendrobaridis, along with
the fact that the fungus has been consistently re-
covered from dead and dying frogs concurrent with
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Fig. 1. Relationship between altitude and the number of Batrachochytrium dendrobaridis zoospores detected on infected frogs
inYear 1: (a) Canungra Creek Litoria pearsoniana (P = 0.205,1* = 0.033, n = 51), (b) Mary River L. wilcoxii (P = 0.119,7* = 0.065,
n=39); and Year 2: (c) Nerang River springtime L. pearsoniana (P= 0.295, * =0.021, n=54), (d) Nerang River L. chloris
(P=0.768,1* = 0.002, n = 48), (¢) Canungra Creek L. pearsoniana (P = 0.001, * = 0.266, n = 36), (f) Mary River L. pearsoniana
(P=0.287, ¥ =0.031, n=39), (g) Nerang River summertime L. pearsoniana (P=0.047, ¥*=0.117, n=34); and (h) on all
infected frogs in the study (P = 0.060, * = 0.012, n = 301). Trend lines clearly indicate heterogeneity of slopes among transects.
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Fig. 2. Range of air temperatures experienced in the
Nerang River catchment over a 20-month period
(mean = 16.4°C; SD = 4.6°C). Data based on 31 815 tem-
perature readings taken from five data loggers placed in
shaded areas between 90 m and 770 m a.s.l. Line represents
the temperature (28°C) above which Barrachochytrium den-
drobatidis fails to make substantial growth i vitro (Longcore
et al. 1999; Piotrowski er al. 2004).
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Fig. 3. Air temperatures in the Nerang River catchment at
five altitudes. Data points represent the mean air temperature
in the 30 days prior.

population declines at montane sites worldwide
(Berger et al. 1998; Bosch ez al. 2001; Weldon & du
Preez 2004; Lips et al. 2006; Rachowicz er al. 2006),
suggest that infection prevalence and intensity likely
increase with altitude. However, we found no consis-
tent evidence in the present study to support this
hypothesis. Contrary to our initial expectations,
lowland frogs were as likely to be infected with B.
dendrobatidis as were high-altitude frogs, and carried
fungal infections as intense as those of their high-
altitude counterparts.

While we found no consistent relationship between
altitude and chytrid levels in subtropical southeast
Queensland, the effect of altitude on the prevalence
and intensity of chytridiomycosis at tropical and tem-
perate latitudes remains unclear. Kriger et al. (2007a)
found a significant decrease in the intensity of lowland
frogs’ B. dendrobaridis infections in the warmer regions
close to the equator, suggesting that tropical lowlands

© 2008 The Authors
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Fig. 4. Relationship between altitude and stream water
temperature on night of sampling, at sites in three catch-
ments in southeast Queensland (P < 0.0001, +* = 0.384). All
temperatures fall within the thermal growth range of Barra-
chochytrium dendrobatidis.

may be too hot to sustain high B. dendrobarnidis infec-
tion levels. In these regions, there may indeed be a
significant increase in chytrid levels at the higher alti-
tudes where it is cool enough for chytrid fungi to
thrive.

Whereas certain populations of tropical frog species
with large altitudinal ranges may find sanctuary from
chytridiomycosis in the hot lowlands (Kriger er al
2007a), our study suggests subtropical frog species
have no such safe havens from the disease. Thermal
regimes at all of our sites were suitable for chytrid
growth and reproduction, regardless of altitude. Air
temperatures seldom deviated from the range of
temperatures (between 4°C and 28°C: Longcore et al.
1999; Piotrowski ez al. 2004) at which B. dendrobatidis
is known to grow (Figs 2,3), and stream water tem-
peratures consistently remained within the range of
temperatures at which the chytrid fungus can thrive.
Kriger and Hero (2007) found that infection preva-
lence in lowland L. wilcoxii in the Nerang River catch-
ment could reach 46% when water temperatures were
as low as 14.3°C or as high as 22°C. Only on three
occasions during this study did water temperatures
depart from this range, regardless of the altitude at
which sampling occurred (Fig. 4). As subtropical
regions may provide no thermal refuge from B. dendro-
bandis, frogs at all altitudes are likely to be threatened
when conditions favour disease outbreaks. We there-
fore consider subtropical amphibian populations to be
especially at risk of disease-related population decline.

It is possible that the altitudinal range over which
our sampling took place was not large enough to allow
for an effect of altitude to be detected. We consider this
to be unlikely for two reasons. First, our sampling
encompassed the altitudinal range over which most
frog declines in Australia have occurred. Whereas frog
declines in the Americas have often taken place thou-
sands of meters above sea level (Bosch er al. 2001;
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Muths ez al. 2003; LLa Marca et al. 2005; Rachowicz
et al. 2006), declines in Australia (and Queensland in
particular) have generally affected frog populations
living over 300-400 m a.s.l. (Richards er al. 1993;
Hero & Morrison 2004). Batrachochytrium dendrobati-
dis has been present in southeast Queensland since at
least 1978 (Speare & Berger 2005), and two local frog
species (Taudactylus diurnus and Rheobatrachus silus)
went extinct shortly thereafter. Both these species
inhabited sites in the Conondale Range at which our
sampling took place, and were restricted to altitudes
from roughly 400-800 m a.s.l. (Czechura & Ingram
1990; Hines ez al. 1999). We therefore feel that the
altitudinal range over which our sampling took place
would be sufficient to detect the differential effects of
an unidentified causative agent of high-altitude
amphibian population declines in the region. Second,
the lack of a consistent altitudinal effect did not appear
to be due to our not having sampled at high enough
altitudes. Rather, the lack of an effect was due to
lowland frog populations (~100 m a.s.l) often having
infection prevalence over 50%, and lowland frogs often
carrying infection loads of well over 1000 chytrid
zoospores. We feel confident that B. dendrobaridis is well
established at all altitudes in the region, even where
amphibian population declines and extinctions have
not occurred.

Do our results imply that chytridiomycosis was not
the primary cause of amphibian population declines
in montane regions of southeast Queensland? Not
necessarily. We found a significant interaction between
altitude and season, with infection levels remaining
high in the upland frog populations well into summer,
but dropping off in the lowlands as temperatures
warmed. McDonald et al. (2005) found a similar
interaction in north Queensland. The longer chytrid
seasons experienced by high-altitude frog populations:
(i) increase the likelihood that conditions suitable for
lethal disease outbreaks will occur (i.e. abnormally
cool temperatures; arrival of, or increased levels of a
co-factor); (ii) allow more time for uninfected frogs to
contract infections; and (iii) may exacerbate any sub-
lethal effects of chytridiomycosis (Parris & Cornelius
2004), as infected frogs likely sustain their infection for
longer periods of time than do lowland frogs (lowland
frogs can clear their infections in warm summer
months: Kriger and Hero (2006)).

Furthermore, complex relationships between the
timing of metamorphosis and chytrid thermal optima
may render montane amphibian populations more
susceptible to chytrid-induced mortality than their
lowland counterparts. Lamirande and Nichols (2002)
found that recently metamorphosed dendrobatid frogs
were more susceptible to chytridiomycosis than were
conspecifics of other life-stages, suggesting that the
population-level effects of chytridiomycosis may be
primarily determined by disease levels in the weeks

doi:10.1111/j.1442-9993.2008.01872.x

immediately following metamorphosis. Kriger and
Hero (2007) found that the prevalence and intensity of
chytrid infections in the Nerang catchment increase
dramatically when 30-day mean air temperatures fall
below 19.4°C. Litoria chloris, L. pearsoniana and L.
wilcoxii tend to metamorphose from December to
March (a pattern common to many of southeast
Queensland’s amphibian species: Anstis (2002)).
During much of this period, 30-day mean air tempera-
tures in the lowlands of the Nerang catchment exceed
19.4°C (Kriger & Hero 2007), whereas mean tem-
peratures in the uplands never exceed this value
(Fig. 3). Thus, while tadpoles of many lowland
amphibian populations are likely to emerge when tem-
peratures are too high for lethal infections, metamor-
phs at high altitudes will inevitably be exposed to
temperatures optimal for chytrid growth and devel-
opment, potentially resulting in differential mortality
and recruitment between high and low altitude
populations. Further research is needed to test this
hypothesis.

If B. dendrobatidis was the primary agent responsible
for the declines in southeast Queensland’s montane
frog populations, it is possible that the high-altitude
frog populations that survived the initial epidemic
experienced a rapid evolutionary response to the
fungus. Two possible mechanisms by which this could
be accomplished are the increased production or
potency of either antimicrobial peptides (many of
which have been shown to inhibit B. dendrobatidis:
Rollins-Smith ez al. (2002)) or antibodies (Berger et al.
2002). The evolutionary response would have been
selected for until the montane frogs were at low-risk of
lethal chytridiomycosis. In this scenario, no significant
altitudinal variation in chytrid levels would be expected
in extant frog populations, a result observed in this
study. Unfortunately, no empirical data exist regarding
the altitudinal variation in frogs’ antimicrobial peptides
or antibodies, or the evolutionary response of frog
populations to chytridiomycosis-induced declines.

Kriger and Hero (2007) and Kriger er al. (2007a)
demonstrated a significant negative relationship
between water temperature at a sampling site and the
prevalence and intensity of B. dendrobatidis infections
on L. wilcoxii. In the current study, we found no con-
sistent evidence of such a relationship in the three frog
species examined. It is possible that we did not detect
such a relationship in the current study because the
range of stream water temperatures over which sam-
pling took place was narrow (min: 13°C, max: 23°C,
SD: 2.1°C) and all temperatures fell within the
thermal growth range of B. dendrobaudis (Fig. 4).
Alternatively, the abundance of B. dendrobatidis (or
frogs’ resistance to infection) in southeast Queensland
may be significantly influenced by factors other than
temperature, thus obscuring any effect of temperature
in the catchments we examined.
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In this study, we found frogs with chytrid infections
at virtually every site we sampled, and there was no
consistent relationship between altitude and chytrid
levels. More research is required to determine the
magnitude of the interaction between season, altitude
and chytrid levels, the degree to which susceptibility
to chytridiomycosis varies across life stages in wild
amphibian populations, and the relative influence of
life-history traits on the population-level effects of
chytridiomycosis. Future research should also focus on
accurately identifying potential co-factors that favour
the growth and reproduction of the chytrid fungus, or
decrease the amphibian immune response, as the pres-
ence of B. dendrobatidis in and of itself does not nec-
essarily result in amphibian population declines
(Daszak er al. 2003; 2005; Kriger & Hero 2006; Pus-
chendorf ez al. 2006).
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