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Quantifying how species’ distributions contract in response to threats can reveal path-
ways of decline and the role of environmental conditions in moderating threat impacts. 
Two general patterns of niche contraction have been described: ecological marginaliza-
tion, where species contract away from threat impacts to peripheral, sub-optimal areas 
of their niche, and; contraction to the core, where species contract toward their niche 
center where their fitness and capacity to withstand threat impacts is highest. Recent 
work has described widespread ecological marginalization in declining mammal spe-
cies, for which land use change and overexploitation are key threats. Different threat-
ening processes could result in contrasting patterns of niche contraction, although this 
has not been well-studied. Here, we examine patterns of realized niche contraction in 
Australian frog species impacted by the emergence of chytrid fungus Batrachochytrium 
dendrobatidis, a pathogen that has driven catastrophic amphibian declines globally. We 
quantified changes in species’ environmental niche space following chytrid emergence 
and documented a pattern of contraction toward the niche core in declining species. 
We develop and apply a novel approach to show that these niche contractions are 
driven by losses in a subset of niche space, suggesting population extinctions due to 
chytrid are driven by factors shaping both pathogen fitness (threat impact) and host 
fitness (threat tolerance). Species declines have been concentrated in high elevation 
areas with cooler temperatures, which are more physiologically suitable for the patho-
gen and constrain the resilience of frog hosts at both individual and population levels. 
Given the contrast between our results and widespread ecological marginalization in 
mammals, we propose that while a given threat may result in common patterns of 
decline among affected species, patterns of decline may vary considerably between 
threatening processes and among taxa.
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Introduction

In an era when up to 1 million species are at risk of extinc-
tion (IPBES 2019) and funding is insufficient to determine 
all species’ responses to threatening processes (Wintle et al. 
2019, Eberhard  et  al. 2022), identifying commonalities in 
the pathways that species take toward extinction can help 
identify at-risk taxa and inform conservation prioritization 
(Britnell et al. 2023, Lomolino 2023). Quantifying patterns 
of species declines over large spatial and temporal scales is 
informative in this regard, aided by recent advances in species 
distribution modelling and widespread digitization of species 
occurrence records (Lomolino 2023). Conservation biogeog-
raphy has emerged as a sub-discipline explicitly dedicated to 
these macroecological patterns of decline and the processes 
that give rise to them (Richardson and Whittaker 2010). It 
seeks to inform protected area design, land-use prioritization, 
and programs focused on species re-introduction, assisted 
migration and invasive species control (Lomolino 2023).

Of major interest are patterns of species decline in geo-
graphic and realized niche space. Two major hypotheses have 
been proposed, based on two broad patterns of decline. The 
‘demographic hypothesis’ (Lomolino and Channell 1995, 
Channell and Lomolino 2000a, b) posits that optimal con-
ditions at the range center and niche core allow species to 
maintain higher population growth rates and abundance 
(Martínez-Meyer  et  al. 2013, Pironon et  al. 2017, Osorio-
Olvera  et  al. 2020, Fristoe  et  al. 2023), conferring greater 
resilience to threats (Hengeveld and Haeck 1982) and result-
ing in a pattern of contraction to the core. Extensive empiri-
cal work has generally supported the pattern of increased 
abundance closer to the niche core, which sometimes (but 
not always) corresponds with the center of species geographic 
ranges (Fristoe  et  al. 2023). However, contrary to the pre-
dictions of the demographic hypothesis, initial efforts to 
quantify geographic patterns of decline revealed many spe-
cies were more likely to persist at the geographic margins 
of their ranges (Lomolino and Channell 1995, Channell 
and Lomolino 2000a, b). This led Channell and Lomolino 
(2000a) to propose the ‘contagion hypothesis’, which postu-
lated that remnant populations of declining species that “per-
sist the longest are those last affected by the contagion-like 
spread of extinction forces”. The contagion hypothesis posits 
that patterns of species decline are predominantly determined 
by the pattern of threat emergence and spread, over-riding 
the expectations of the demographic hypothesis and lead-
ing to geographic and/or ecological marginalization. Recent 
work by Britnell  et  al. (2023) provides further support for 
the contagion hypothesis, reporting that declining mammal 
species commonly underwent ecological marginalization, 
contracting to the periphery of their ecological niche space. 
This is concerning, as ecological marginalization may confine 
species to sub-optimal conditions, potentially increasing the 
risk of further declines and vulnerability to demographic and 
environmental stochasticity (Britnell  et al. 2023, Lomolino 
2023).

However, the generality of ecological marginalization 
among declining species remains unknown. Existing niche-
based analyses of patterns of species decline have focused 
on mammals (Britnell  et  al. 2023), for which the most 
prevalent threats are land use change and over-exploitation 
(Maxwell  et  al. 2016, Bogoni  et  al. 2022). A high preva-
lence of ecological marginalization is expected in these cases, 
because habitat loss, habitat degradation and over-exploitation 
are concentrated in productive, lowland regions that typically 
support higher numbers of species (Fisher 2011, Watson 2011, 
Yamaura et al. 2011, Britnell et al. 2023). However, other key 
threats to biodiversity, such as invasive species and pathogens 
(Doherty et al. 2016, Maxwell et al. 2016), are not necessarily 
affiliated with productive lowland areas and could therefore 
drive contrasting patterns of species niche contraction.

Here, we examine patterns of realized niche contraction 
in declining frog species impacted by an emerging pathogen, 
the amphibian chytrid fungus Batrachochytrium dendrobati-
dis (hereafter ‘chytrid fungus’). In susceptible species, chy-
trid fungus results in the disease chytridiomycosis, which is 
a major driver of amphibian declines globally (Scheele et al. 
2019b, Luedtke  et  al. 2023). We focus on Australian frog 
species, for which the emergence of chytrid fungus in the 
late 1970s has been linked with declines in ~20% of species 
(Scheele  et  al. 2017b). We have previously shown that the 
niches of Australian frogs impacted by chytrid fungus con-
tract toward areas with higher temperatures, lower diurnal 
temperature range, higher precipitation, and lower elevations 
(Scheele et al. 2023). Here, we examine whether this direc-
tional shift has pushed declining frog species to their niche 
cores or margins.

Patterns of niche contraction in frog species affected by 
chytrid fungus are likely shaped by the relative performance 
of the pathogen and hosts across environmental gradients 
(Nowakowski et al. 2016, Cohen et al. 2017, Scheele et al. 
2019a, 2023, Fisher and Garner 2020, Brannelly  et  al. 
2021). Contraction is more likely in environments where 
pathogen performance is high relative to host performance. 
Consequently, both contraction to the niche core or ecologi-
cal marginalization are plausible outcomes for frogs afflicted 
by chytridiomycosis, depending on the degree of performance 
overlap between pathogen and host. For example, chytrid 
fungus is relatively cool adapted, performing best at tempera-
tures in the range of 17–23°C and unable to survive at tem-
peratures above ~28°C (Piotrowski et al. 2004, Sheets et al. 
2021). Frog species whose niche core coincides with chytrid’s 
thermal optimum may suffer contractions away from the core 
toward the warmer margins of their niche where pathogen 
performance declines to a greater extent than that of the host 
(Nowakowski  et  al. 2016, Cohen et  al. 2017). In contrast, 
frog species adapted to conditions much warmer than chy-
trid’s thermal optimum may contract to their core due to 
losses from their cooler niche margins, coinciding with sites 
of high pathogen performance and potentially lower host 
performance (Morrison and Hero 2003). We aimed to evalu-
ate the alternate hypotheses of contraction to the niche core 
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versus ecological marginalization for Australian frogs affected 
by chytrid fungus. In doing so, we sought to broaden our 
understanding of how invasive pathogens alter niche occu-
pancy in declining species.

Material and methods

Species occurrence records

In Australia, chytrid-associated amphibian declines have 
occurred throughout the eastern seaboard and adjacent 
ranges, including the island of Tasmania (latitudinal range 
12–42°S) (Scheele  et  al. 2017b). We therefore focused on 
frog species in this region. Specifically, we included species 
in three groups: 1) chytrid-threatened (n = 15), (2) chytrid-
nonthreatened (n = 11), and (3) nonthreatened (n = 22). The 
first two groups comprise species with documented chytrid-
associated declines as described in Scheele  et  al. (2017b), 
with the first group containing species recognized as threat-
ened by the International Union for Conservation of Nature 
(IUCN), or species recommended for listing as threatened 
in the review by Gillespie  et  al. (2020). The second group 
contains species that experienced less severe declines due to 
chytrid and are not listed as threatened. The third group of 
species are congeners that occur in sympatry with species in 
the two chytrid-impacted groups, but which are not listed as 
threatened and are not known to have undergone chytrid-
related declines. This third group of species was included as 
a reference point for the two chytrid-impacted groups, given 
the potential for systematic shifts in sampling effort or other 
unaccounted factors that could alter observed frog distribu-
tions over time.

The acquisition, filtering and expert checking of spe-
cies occurrence records is described in Scheele et al. (2023). 
Briefly, we obtained all available occurrence records across 
eastern Australia from museums, government collections and 
online repositories. We filtered all records to exclude those 
with incorrectly coded coordinates (e.g. records in the ocean) 
or those with latitude and longitude recorded to less than two 
decimal places. We then removed records outside the known 
distribution of each species (with a buffer) that were unlikely 
to be valid (for details see Scheele et al. 2023). The remain-
ing records for each species were examined by species experts 
to identify and remove likely spurious records. We excluded 
a small number of records of Litoria fallax and L. gracilenta 
in southern Australia that were established by recent human 
introductions well-beyond their natural range. Due to taxo-
nomic splits for some species since the emergence of chytrid 
fungus, records from several sister-species were combined 
(Supporting information). Records were thinned for each 
species by overlaying a 30-arcsecond grid across Australia and 
retaining only one record per species in each grid cell.

We identified the estimated year of chytrid emergence for 
each species using regional reconstructions of the timing of 
chytrid emergence and subsequent frog declines in eastern 
Australia as described in Scheele  et  al. (2017b). The three 

regions were the central Eastern Seaboard, north of Sydney, 
NSW (between ~34 and 20°S; chytrid emergence ~1983), 
southern NSW/Victoria/Tasmania (south of ~34°S; chytrid 
emergence ~1985), and Northern Queensland/Wet Tropics 
(north of ~20°S; chytrid emergence ~1993). Each species 
was assigned to the region where the majority of its occur-
rence records were located. We aimed to compare niche 
attributes prior to and after chytrid emergence in each of the 
three species groups. To do this, we assumed the total set of 
occurrence records captured the full historical distribution of 
each species, with post-chytrid occurrence records represent-
ing the distribution following emergence of the pathogen 
(Scheele et al. 2023). We refer to these as the ‘full’ and ‘post-
chytrid’ distributions herafter.

Niche hypervolume construction and calculating 
Mahalanobis distances

We refer to species realized niches as the multidimensional 
set of environmental and biotic factors that determine the 
observed geographic distribution of species through their 
influence on population growth rates (Colwell and Rangel 
2009, Peterson et al. 2011). We used multidimensional real-
ized niche hypervolumes to characterize the environmen-
tal conditions occupied by species, with the niche centroid 
defined as the ‘mean realized-niche position in n-dimensional 
space’ (Guisan et al. 2014).

For each species, a niche hypervolume was constructed 
using the ‘Hypervolume’ package in R (Blonder et al. 2014,  
2018). The environmental variables used were ‘annual mean 
temperature’, ‘mean diurnal temperature range’, ‘annual 
precipitation’ and ‘elevation’ obtained from WorldClim 2.0 
(Fick and Hijmans 2017) at 30-arcsecond resolution (see 
Scheele et al. 2023 for rationale and further details). To check 
for collinearity amongst variables, we calculated the variance 
inflation factor (VIF) for each variable in the study region 
(the Australian continent, east of 141° longitude), using the 
‘usdm’ package in R (Naimi et al. 2014). The VIF for each 
variable was < 3 (annual mean temperature, 1.63; mean diur-
nal range, 2.85; annual precipitation, 2.65; elevation, 1.43), 
indicating relatively low multicollinearity.

To construct each hypervolume, we extracted the value 
of each environmental variable associated with each spe-
cies’ occurrence records using the ‘terra’ package in R 
(Hijmans et al. 2022), then scaled and centered these values. 
For species with at least 55 unique records remaining after 
removing occurrence records with missing information (the 
recommended number of data points to construct a hyper-
volume in four-dimensions), we created a niche hypervol-
ume using the support vector machine method, specifying 
parameters of ν = 0.01 and γ = 2.5, following Blonder et al. 
(2014) and Blonder et al. (2018). To account for the stochas-
tic nature of the hypervolume algorithm, we constructed ten 
hypervolumes for each species using all occurrence records 
(assumed full distribution) and a further ten hypervolumes 
using only the subset of records collected after the chytrid 
emergence year for each species (post-chytrid distribution).
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We then estimated the environmental distance of each 
occurrence record from the niche centroid by calculating its 
Mahalanobis distance. Mahalanobis distances are an appro-
priate measure for multidimensional environmental space as 
they account for the covariance of multiple environmental 
axes (Osorio-Olvera  et  al. 2019, Britnell  et  al. 2023). For 
each hypervolume replicate, we first extracted the niche cen-
troid using get_centroid from the ‘Hypervolume’ package, 
then calculated the Mahalanobis distance of each occurrence 
record to this centroid using the mahalanobis function in the 
base R ‘stats’ package. To facilitate comparisons, we scaled 
these distances to range between 0 and 1. Finally, to quantify 
whether each species tended to contract toward its niche core 
or periphery, we calculated the mean Mahalanobis distance 
for the post-chytrid occurrence records and subtracted the 
mean Mahalanobis distance of all records, as in Britnell et al. 
(2023). For each species, this process was conducted for each 
of the 10 hypervolume replicates and then averaged. We 
call this average value ΔMD: it measures by how much the 
occurrence records have shifted toward or away from the full 
niche centroid following chytrid emergence. Negative values 
indicate that, on average, post-chytrid occurrence records 
are closer to the niche centroid than the full set of occur-
rence records (contraction to the core), while positive values 
indicate a shift away from the niche centroid (marginaliza-
tion). Values around 0 indicate either no niche contraction, 
or contraction in both core and marginal areas. We tested 
for differences in ΔMD between species groups (chytrid-
threatened, chytrid-nonthreatened and nonthreatened) using 
a Kruskal–Wallis test in R, with a post hoc Dunn’s test for 
pairwise comparisons.

To assess the robustness of our results to the method of 
niche construction employed, we also constructed niche 
models for each species using a kernel density estimator 
(KDE), following Broennimann et al. (2021). First, using the 
same four climatic variables as for the hypervolume method, 
we performed a principal component analysis for each spe-
cies using princomp in the base R ‘stats’ package, and selected 
the first two principal components (PCs). On average, these 
two PCs explained 85.4% (SD 6.0%) of the variation among 
the four variables. Using a kernel density estimator from the 
‘ks’ R package (Duong 2007), we delineated the boundary 
of each species’ niche by estimating the contour lines corre-
sponding to 99% of the estimated occurrence density along 
these two PC axes. We then converted each of these delin-
eated niche boundaries to spatial polygons and calculated 
their centroids using centroids from the ‘terra’ package. For 
each species, we calculated the Mahalanobis distance of each 
occurrence record to the centroid, as we did for niches con-
structed using the ‘Hypervolume’ package. The KDE niche 
construction method also allowed us to calculate the niche 
margin index (NMI) for each occurrence record as described 
in Broennimann et al. (2021), which can be used as a com-
plementary measure to characterize niche contractions. The 
NMI is the minimum distance of each occurrence record 
to the delineated niche margin; in this case, lower values 

indicate records are closer to the margin of the species’ niche. 
In our analysis, positive values for changes in NMI between 
the full and post-chytrid occurrence records indicate contrac-
tion to the core. Further, to examine the sensitivity of our 
results to the environmental data used, we re-ran all analyses 
with data drawn from the CHELSA database (Karger et al. 
2023) in addition to our models built using the WorldClim 
2.0 database (Fick and Hijmans 2017). We found a high level 
of congruence in the results produced using both niche con-
struction methods (hypervolume and KDE), the two differ-
ent climate databases (WorldClim 2.0 and CHELSA), and 
the different measures of marginalization (Mahalanobis dis-
tances versus NMI) (Supporting information). In the main 
text, we present only the niche hypervolume and WorldClim 
2.0 results.

Assessing the uniformity of niche contractions

By calculating ΔMD, we obtain a measure of the overall 
degree to which each species has contracted toward the mar-
gin or core of its niche space. However, this does not provide 
information on the uniformity of contractions in niche space. 
For example, a pattern of contraction to the niche center 
could result from either uniform contraction from all periph-
eral areas (e.g. a species could contract from both warmer and 
cooler extremes of their niche) or non-uniform contractions 
from only certain portions of the niche periphery (e.g. a spe-
cies contracts from cooler areas whilst persisting in the warmer 
extremes of their niche). Given that Australian frogs show 
directional niche contractions post-chytrid (Scheele  et  al. 
2023), we anticipated a non-uniform pattern of contraction.

We quantified the uniformity of contractions by standard-
izing the loss of niche space in a two-dimensional plane. For 
each species, we used each of the 10 replicate pairs of full and 
post-chytrid hypervolumes to assess the uniformity of niche 
contraction. First, for each pair of environmental variables 
(six in total, as our hypervolumes were constructed in four 
dimensions), we extracted the full and post-chytrid centroids 
(e.g. the centroid for annual mean temperature versus pre-
cipitation). In most cases, whether due to actual shifts or the 
stochastic nature of the hypervolume calculation, these cen-
troids were slightly different. We then calculated the angle 
between the full and post-chytrid centroids in their actual 
position, and the position they would hold if the niche had 
experienced a shift along the x-axis, with the full centroid at 
−x and the post-chytrid centroid at +x (Fig. 1). The purpose 
of this was to ‘standardize’ niche shifts to be unidirectional 
across all environmental pairs. For each occurrence record, 
we then applied the angular transformation calculated previ-
ously such that each record occurred on the adjusted cartesian 
plane, with points retaining the same distance from the cen-
troid they originally held (Fig. 1). This process was repeated 
for each of the six pairwise combinations of environmental 
variables and ten replicates. Hence, in all cases, the post-
chytrid niche shift occurred along the x-axis, in the direction 
of −x to +x. Because these adjusted occurrence records now 
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occupied a common 2D niche space, the results for each of 
the pairwise combinations could be stacked, with the x and 
y axes representing standardized environmental gradients. 
For species that experienced non-uniform niche contractions 
across all pairwise combinations, we should see contraction 
from the -x direction in all cases. For species that experienced 
uniform niche contraction, we should see contractions from 
both the −x and +x directions (Fig. 1).

With species occurrence records plotted in a common 
2D niche space, we compared patterns of niche contraction 
among the three species groups: chytrid-threatened, chytrid-
nonthreatened and nonthreatened. For each species, we coded 
each occurrence record in the full set as either 1 (observed 

post-chytrid) or 0 (observed pre-chytrid). Assuming post-
chytrid records represented persistence (as above), we esti-
mated the probability of persistence post-chytrid across the 
2D surface by fitting logistic regression models with the 
binary response variable and quadratic terms for the coordi-
nates of each occurrence record in the standardized 2D space 
as predictors. We used the fitted models to predict persistence 
probability across the surface and then stacked the persistence 
probabilities for each species in each group, averaging these 
to obtain the mean probability of persistence across the 2D 
space. This allowed us to visualize and compare the magni-
tude and patterns of niche contraction in each species group. 
Models were fitted in R using the base glm function.

Figure 1. Conceptual representation of the method used to examine the uniformity of species’ niche contractions. Each row represents a 
hypothetical pattern of species niche contraction with the steps used to quantify the uniformity of contraction. In the first two columns, 
blue shading shows the niche space occupied prior to chytrid emergence (full) while yellow shading shows the niche space occupied after 
chytrid emergence (post-chytrid). The process shown in each row was completed for all six pairwise combinations of environmental vari-
ables, allowing occurrence records to be stacked in a common 2D niche space (third column). The probability of persistence across the full 
niche space could then be estimated from the distribution of post-chytrid occurrence records relative to the full set of occurrence records 
(as shown in the final column).
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Results

We constructed niche hypervolumes for 48 Australian frog 
species and calculated the Mahalanobis distance of each 
occurrence record from the full niche centroid. We then 

calculated the shift in Mahalanobis distance post-chytrid for 
each species (ΔMD) by subtracting the average Mahalanobis 
distance of the full set of occurrence records from the average 
Mahalanobis distance of the post-chytrid occurrence records. 
Figure 2 shows two exemplar species, depicting Mahalanobis 

Figure 2. Pairwise plots for the four-dimensional niche hypervolumes showing Mahalanobis distance values, with centroids depicted by 
tessellated diamonds. The two species illustrate contrasting patterns. The first species, Litoria dayi, has experienced a large decline in average 
Mahalanobis distances post-chytrid, reflecting contraction to the niche core. The pattern of niche contraction is non-uniform with losses 
concentrated at high elevation and areas with low mean annual temperature. The second species, L. dentata, exhibits niche stability with no 
substantial change in average Mahalanobis distances post-chytrid. For both species, polygons delimiting the occurrence records in niche 
space were constructed using all records, but to aid visual presentation, only a random subset of 120 L. dentata occurrence records (equal 
to the number of L. dayi records) is shown.
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distance values for the full set of records and the post-chytrid 
occurrence records. The first species, the Australian lace-lid 
Litoria dayi, is a chytrid-threatened species that has expe-
rienced severe realized niche contractions. These contrac-
tions are associated with a dramatic reduction in the average 
Mahalanobis distance of post-chytrid occurrence records 
relative to the full records, reflecting contraction to the niche 
core. The second species, the bleating tree frog L. dentata, is 
a nonthreatened species that shows niche stability, with no 
substantial difference in the average Mahalanobis distance to 
the full niche centroid for post-chytrid occurrence records.

The average change in Mahalanobis distance post-chy-
trid (ΔMD) differed significantly between species groups 
(χ2

Kruskal−Wallis = 13.30, p = 0.001). Chytrid-threatened species 
had significantly lower ΔMD values (greater contraction to 
the niche core) than nonthreatened species (post hoc Dunn’s 
test, p < 0.001; Fig. 3). Chytrid-threatened species also had 
lower ΔMD than chytrid-nonthreatened species, although the 
difference in ΔMD was smaller than the difference between 
chytrid-threatened and nonthreatened species (Fig. 3) and 
only marginally significant (p = 0.05). For chytrid-threatened 
species, ΔMD values were negative, indicating contraction 
toward the niche core, apart for two species. The chytrid-
threatened Baw Baw frog Philoria frosti had slightly positive 
ΔMD, indicating a tendency to contract toward niche mar-
gins, and the southern corroboree frog Pseudophryne corro-
boree experienced little change in average ΔMD (Supporting 
information).

We compared the uniformity of niche contraction among 
species groups by locating occurrence records in a common 
2D environmental space in which the post-chytrid niche 
centroid was always to the right of the full niche centroid 
(Fig. 1). Estimating the probability of persistence across 

this 2D niche space using logistic regression confirmed that 
chytrid-threatened species tended to contract away from the 
margin and toward the core of their niches (Fig. 4). Species 
in the chytrid-nonthreatened and nonthreatened groups 
had higher probabilities of persistence across the 2D niche 
space, with less marked contraction from their niche margins 
(Fig. 4). Contractions were non-uniform for both chytrid-
threatened and chytrid-nonthreatened species, evident as a 
higher probability of persistence at some niche margins rela-
tive to others (Fig. 4).

Discussion

Understanding patterns of species niche contraction can 
reveal pathways of decline and the role of environmental con-
ditions in moderating threat impacts (Scheele et al. 2017a, 
Lomolino 2023). We show that declining Australian frog spe-
cies impacted by an invasive pathogen, chytrid fungus, have 
generally contracted toward the core of their realized niches, 
not the margins. We also document a general pattern of non-
uniform loss of niche space, with species contracting from 
some niche margins more so than others. This pattern of 
decline most likely arises because host performance declines 
while pathogen performance increases at the niche margins of 
the Australian frog species examined here.

The distributions of the frog species we studied completely 
overlap with the extent of chytrid fungus in eastern Australia 
(Murray  et  al. 2011, Sopniewski  et  al. 2022). However, it 
has been well documented that the impact of chytrid fun-
gus on amphibians – in terms of virulence and population-
level declines – is strongly environmentally mediated, both 
in Australia and elsewhere (Puschendorf  et  al. 2011, 2013, 

Figure 3. Change in the average Mahalanobis distance to the niche centroid for post-chytrid occurrence records relative to that for all occur-
rence records (ΔMD) for species in each of the three groups. Each species is shown as a filled circle with filled squares showing the average 
ΔMD for each group with bars representing 95% confidence intervals. Negative ΔMD values indicate that, on average, post-chytrid records 
are closer to the full niche centroid (contraction to the niche core), while positive values indicate the opposite (contraction to the niche 
margin). Chytrid-threatened species show a stronger tendency to contract toward the niche core relative to chytrid-nonthreatened and 
nonthreatened species.
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Heard  et  al. 2014, 2015, 2024, Fisher and Garner 2020, 
Brannelly  et  al. 2021, Scheele  et  al. 2024a). Among our 
focal species, those that have been severely impacted and 
are listed as threatened (chytrid-threatened species) tended 
to contract away from cooler, high elevation areas and areas 
with lower precipitation and greater temperature variability 
(Scheele et al. 2023, Fig. 2). These areas are thought to be 
more favourable to the pathogen and/or less optimal for frog 
population growth. For example, prevalence and virulence 
of chytrid fungus is closely tied to temperature in Australia 
(Sopniewski  et  al. 2022, Scheele  et  al. 2023), with cooler 
temperatures within the typical range for eastern Australia 
tending to favour the pathogen (Piotrowski  et  al. 2004, 
Sheets  et  al. 2021). This helps explain contractions of frog 
species away from cooler regions and higher elevations. 
However, these factors also influence the ability of frog hosts 
to tolerate increased mortality. Frogs in cooler and higher ele-
vation areas have reduced growth rates and longer maturation 
times, with lower rates of population growth (Scheele et al. 
2024a). Similarly, contractions away from drier areas with 
greater temperature variability are likely related to the impact 
of these conditions on frog population growth rates. In 
such environments, frogs experience lower and more erratic 
recruitment and higher adult mortality (Morrison and Hero 

2003, Caruso and Rissler 2019). Hence, the observed con-
traction to the niche core among Australian frogs impacted 
by chytrid likely results from the interplay between environ-
mental drivers of both pathogen virulence and host resilience.

Temperature appears particularly important in this 
regard, in line with the ‘thermal mismatch hypothesis’ 
(Nowakowski et al. 2016, Cohen et al. 2017). The thermal 
mismatch hypothesis posits that individual and population-
level performance of hosts and pathogens across temperature 
gradients is a fundamental determinant of pathogen impacts, 
with hosts being less susceptible to pathogens in environ-
ments closer to the thermal optima of the host (Cohen et al. 
2017) or those with temperature regimes that are more toler-
able to hosts than to pathogens (Nowakowski et al. 2016). 
As both mean annual temperature and diurnal temperature 
range are key characteristics of the niche shifts documented 
here (Fig. 2; Scheele  et  al. 2023), we suggest thermal mis-
matches are likely to be a key underlying mechanism deter-
mining population extinctions and persistence for susceptible 
frog species in Australia. Testing this requires information on 
the relative performance of frogs and chytrid fungus across the 
thermal axes of the realized niche space of frogs. While chal-
lenging, such studies would provide vital insights into host–
pathogen dynamics and useful guidance for conservation 

Figure 4. The average probability of persistence post-chytrid across the standardized 2D niche space for chytrid-threatened, chytrid-non-
threatened and nonthreatened species of Australian frogs. The standardized niche space is a 2D representation of the six pairwise combina-
tions of four environmental variables (annual mean temperature, mean diurnal temperature range, annual precipitation and elevation). The 
variable combinations were stacked using the method shown in Fig. 1. In the top row, Dimension 1 and Dimension 2 are x and y axes, 
respectively, that map occurrence records for each pairwise combination of the four environmental variables onto a niche space with stan-
dardized centroid locations (Fig. 1). These contour plots and colors show the average probability of persistence across the standardized 2D 
niche space for each species group. In the bottom row, lines show the average probability of persistence for each species group across the first 
dimension only, holding the second dimension at its mean. Contraction to the niche core is indicated by higher probability of persistence 
toward the center of the standardized niche space (mean of each dimension) and lower probability of persistence toward the margins. Non-
uniformity in niche contraction is evidenced by asymmetrical patterns across dimensions.
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actions, such as small-scale interventions that can support 
host performance in areas otherwise highly suitable for the 
pathogen (Scheele et al. 2014).

Contraction to the core was not a universal outcome 
for Australian frogs impacted by chytrid fungus. Some spe-
cies included in our study displayed minimal change in 
Mahalanobis distances and one (the Baw Baw frog Philoria 
frosti) displayed a positive ΔMD suggesting ecological mar-
ginalization since chytrid emergence (Fig. 3). Evidence 
of ecological marginalization is also available for another 
Australian frog that has been severely impacted by chytrid 
fungus, but which could not be included in our analysis due 
to a lack of sufficient records. The armoured mistfrog Litoria 
lorica was formerly considered restricted to rocky rainforest 
streams and feared extinct when all known populations were 
extirpated after chytrid emerged. However, a remnant popu-
lation was rediscovered and persists along a rocky stream in 
open woodland habitat characterized by drier, warmer condi-
tions with high insolation, where chytrid virulence is reduced 
(Puschendorf et al. 2011). The extremely restricted range of 
the species at this remnant site (< 2 km of stream) suggests 
that the conditions are marginal for the species, with per-
sistence likely due to the similarly marginal nature of these 
conditions for the pathogen.

The example of the armoured mistfrog is also useful for 
highlighting the role of microscale conditions in macroscale 
niche shifts. For this species, warm rock faces and crevices 
appear crucial for raising body temperatures to sufficient lev-
els to mitigate infection intensity (Puschendorf et al. 2011). 
Thermal refuges at both microhabitat- and wetland-levels 
are known among amphibians in the Northern Hemisphere 
(e.g. for the Mallorcan midwife toad Alytes muletensis; 
Doddington et al. 2013), and our own work has identified 
them for two other species of Australian hylids (Heard et al. 
2015, Clulow  et  al. 2018). While our analyses focused on 
macroclimate conditions, these examples demonstrate that 
variation in microclimate conditions within areas broadly 
suitable for chytrid fungus can inhibit pathogen impacts, 
potentially shaping patterns of population decline at mac-
roscales. It is possible, for example, that a lack of niche shifts 
at macroscales could mask the exclusion of species from cool 
microhabitats that were previously occupied. Likewise, the 
degree of microscale environmental variation could itself be 
a mechanism for macroscale shifts. For example, it is possible 
that retraction to the core at the macroscale occurs because 
there is greater microclimatic variation for hosts at the niche 
core, providing more opportunities for thermal mismatch 
with the pathogen (Nowakowski  et  al. 2016, Cohen  et  al. 
2017).

Our standardization procedure enabled us to assess 
whether niche contractions post-chytrid occurred uniformly 
or non-uniformly across niche space. Observing the pattern 
of persistence across the first dimension in Fig. 4 (bottom 
panel), chytrid-nonthreatened species exhibit a somewhat 
linear decline right to left, whereas chytrid-threatened spe-
cies show a humped response right to left. We interpret 
these results to indicate that while species in both groups 

experienced declines due to chytrid’s emergence, declines 
for chytrid-nonthreatened species tended to be less uniform 
and concentrated toward one margin of their niche space. In 
contrast, chytrid-threatened species underwent more severe 
declines overall, with more uniform losses around their niche 
margins. The greater magnitude and uniformity of contrac-
tions in the chytrid-threatened group align with these spe-
cies declining to such an extent that they are now recognized 
as threatened. For example, while the green and golden 
bell frog Litoria aurea experienced more severe declines at 
high elevations, numerous populations have also been lost 
in coastal, lowland areas that serve as refugia for this spe-
cies (Mahony et al. 2013, Clulow et al. 2018). In contrast, 
the chytrid-impacted, but non-threatened Bibron’s toadlet 
Pseudophryne bibronii has declined from the higher elevation 
parts of its niche, but lowland populations are apparently sta-
ble and unaffected (Scheele et al. 2017b). Hence, while the 
general patterns of decline are similar between these two spe-
cies, the extent of environmental mediation of both pathogen 
virulence and host resilience varies greatly.

Understanding changes in the niche characteristics of 
declining species holds much promise for both better under-
standing the drivers of variable patterns of decline, and for 
guiding the development of effective conservation responses 
(Scheele  et  al. 2017a, Lomolino 2023). However, identify-
ing common patterns of decline across all species is likely 
to be challenging, as threatening processes impact species in 
diverse ways, with these impacts moderated by the degree of 
threat overlap, underlying environmental conditions, and 
species biology (Isaac and Cowlishaw 2004, Cowlishaw et al. 
2009, Scheele et al. 2017a). Our finding that most pathogen-
impacted frogs have generally contracted toward their niche 
core contrasts with the pattern of ecological marginalization 
in a global analysis of declining mammals, for which habitat 
loss, habitat degradation and over-exploitation are key threats 
(Britnell et al. 2023). Taken together, our results and those 
of Britnell  et  al. (2023) suggest there can be commonali-
ties in the patterns of niche change among groups of species 
impacted by a common threatening process. We encourage 
further cross-taxa studies on patterns of niche shifts among 
declining species, with a focus on elucidating the underly-
ing mechanisms that give rise to both the commonalities and 
idiosyncrasies of niche contractions. Analyses that examine 
different aspects of niche shifts, such as those presented here, 
will help by quantifying the amount of niche breadth lost, 
and the directionality and uniformity of niche contractions, 
providing insight into both when and how particular threat-
ening processes drive contractions toward the niche core or 
margins.
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