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The effect of twenty-first-century climate change on biodiversity is commonly

forecast based on modelled shifts in species ranges, linked to habitat suit-

ability. These projections have been coupled with species–area relationships

(SAR) to infer extinction rates indirectly as a result of the loss of climatically

suitable areas and associated habitat. This approach does not model popu-

lation dynamics explicitly, and so accepts that extinctions might occur after

substantial (but unknown) delays—an extinction debt. Here we explicitly

couple bioclimatic envelope models of climate and habitat suitability with gen-

eric life-history models for 24 species of frogs found in the Australian Wet

Tropics (AWT). We show that (i) as many as four species of frogs face imminent

extinction by 2080, due primarily to climate change; (ii) three frogs face

delayed extinctions; and (iii) this extinction debt will take at least a century

to be realized in full. Furthermore, we find congruence between forecast

rates of extinction using SARs, and demographic models with an extinction

lag of 120 years. We conclude that SAR approaches can provide useful

advice to conservation on climate change impacts, provided there is a good

understanding of the time lags over which delayed extinctions are likely

to occur.
1. Introduction
The impact of twenty-first-century climate change on biodiversity is typically

framed in terms of potential shifts in species distributions predicted using

bioclimatic envelope models (BEMs), from which local-to-regional scale range

contractions can be inferred [1]. When combined with species–area relationships

(SAR), BEMs can also be used to forecast, albeit indirectly, the number of species

committed to extinction (i.e. imminent plus delayed extinctions) from human-

induced climate change [2]. However, it remains unclear over what time scales

these extinction rates will be realized, following the loss of climatically suitable

areas and associated habitat degradation [3]. Answering this problem will help to

set conservation priorities more efficiently [4], but it requires explicit demographic

models that capture systematic and stochastic population-level factors.

Combined BEM2SAR predictions assume an extinction debt, where extinc-

tions can occur with a substantial delay due to stochastic and deterministic

processes [5]. Estimating the duration of this extinction debt is an important goal

because forecast species losses might never occur if there is time for adverse climate

conditions to be reversed through strong policy-based strategies to mitigate green-

house gases. It is also relevant for ‘triage’-based conservation prioritization [6].

If long time scales for extinction debt exist for some species, the likelihood that
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Figure 1. Structure and flow of methods used to estimate extinction risk from future climate change for frogs in the Australian Wet Tropics. Bioclimatic envelope
models were used to project changing suitability surfaces for 24 frog species and six vegetation groups between 2010 and 2080. These projections were combined
with (i) species – area relationship (SAR) models, with and without matrix calibration, to predict the number of species committed to extinction due to climate
change and (ii) metapopulation (niche-population) models to calculate the number of eventual (realized) extinctions due to climate change.
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these extinctions can be averted through active on-ground

management increases, and other species in more immediate

need could be targeted for early conservation intervention.

This is a particularly relevant issue to the climate-sensitive

forests of the Australian Wet Tropics (AWT); ongoing research

in this region suggests a high vulnerability to future range

changes for many taxa [7], especially amphibians. Indeed,

modelling has forecast that more than 35% of frogs in the

region could be committed to extinction by 2050 due to the

loss of climatically suitable areas and associated habitat degra-

dation [2]. Here we link population dynamics (modelled as

generic life histories) to bioclimatic and habitat models using

coupled climate-demographic simulations [8] to determine

whether extinction debt from climate change for frogs in the

AWT is likely to occur over decades or centuries. We compare

our results to combined BEM–SAR predictions of extinction

risk, with and without matrix calibration [9].
2. Material and methods
We used BEMs previously fitted to occurrence data for 24 species

of native frogs and six broad vegetation groups in the AWT (cover-

ing the northeast coastline and adjacent hinterland of Queensland)

[10] to project changing suitability surfaces through to 2080 under

a business-as-usual emission scenario and a policy-based-inter-

vention emission scenario (RCP8.5 and RCP4.5, respectively).

We used coupled ecological niche-population models (NPMs) [8]

to combine these projections with two classes of metapopulation

and dispersal dynamics—characterizing stream- and forest-

breeding frog life histories. We used SARs to determine the

relationship between rainforest area and species richness in the

AWT and to provide a broad-brush prediction of the number of

species likely to go regionally extinct as a result of climate-driven

losses of primary habitat [4]. We compared this classical approach

with more sophisticated matrix-calibrated SARs, to incorporate the

ability of some species to survive in non-preferred habitat [9].
Projected extinction rates from statistical and simulation

models were based on forecast climate and habitat loss at a

10 km grid-cell resolution. The stochastic NPMs were used to

simulate extinction risk directly, from 2010 to 2200. Climate

change affected suitability annually until 2080 based on multi-

model ensemble averaged forecasts; for the subsequent 120

years, the impact of climate change was fixed at 2080 levels. We

also modelled a baseline ‘no climate change’ scenario, where habi-

tat suitability was fixed to 2010 levels throughout the projection

period. We established which parameters had the greatest influ-

ence on estimated extinction risk using a sensitivity analysis, and

tested the modelled influence of an Allee effect on extinction

rates (see figure 1 and the electronic supplementary material,

Methods for further details). The data on which this paper is

based are available in [10].
3. Results
Climate change is forecast to reduce the average range size of

all frog species modelled and to cause a mix of imminent

and delayed extinctions in the AWT (figure 2). Coupled

NPMs, simulated under a business-as-usual (RCP8.5) emission

scenario, project that four species (+1 s.d. ¼ 3–5 species) face

imminent extinction by 2080, with a further two and three

species likely to face delayed extinctions, occurring by 2150

and 2200, respectively (table 1). While extinction risk was

lower under a policy-based (RCP4.5) scenario (table 1), there

was still some evidence for delayed extinctions—although

the uncertainty bounds (+1 s.d.) included zero extinctions.

These results were affected only marginally by a 10-fold

increase in the strength of the Allee effect being simulated

(electronic supplementary material, figure S1).

Expected minimum abundance and patch occupancy

continued to decline after 2080, providing more evidence that

lagged effects of climate change on metapopulation dynamics

span centuries (table 1 and figure 2). There was encouraging
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Figure 2. Imminent and delayed extinction risk for frogs in the Australian Wet Tropics. Forecast number of species persisting (a) and average number of patches of
occupied habitat (b) using NPMs according to a business-as-usual (RCP8.5; orange) and policy-based intervention (RCP4.5; blue) greenhouse-gas-emission scenario.
Species extinctions and patch loss after 2080 are delayed responses to the disappearance of climatically suitable areas and associated habitat degradation. Shaded
areas show uncertainty bounds (+1 s.d. from the mean) due to demographic-based estimates.

Table 1. Forecast extinction risk for frogs in the Australian wet tropics. Forecast number of extinctions and per cent decline in expected minimum abundance
(change in EMA relative to 2080) in 2080, 2150 and 2200 using niche-population models (NPM). Forecast number of species committed (comm.) to extinction for
2080 using species – area relationships, with matrix calibration (MC-SAR) and without (SAR). Forecasts are for business-as-usual (RCP8.5) and policy-based-intervention
(RCP4.5) greenhouse-gas-emission scenarios. Numbers in brackets are +1 s.d., reflecting uncertainty due to demographic-based parameter estimates. EMA is a
continuous metric integrating the risks of declines and extinction risk. The uncertainty bounds for change in EMA are calculated based on change from +1 s.d. in
EMA in 2080. Note that mean prediction error for the fit of the SAR model to the observed relationship between species richness and rainforest area was +3
species (see electronic supplementary material, Methods).

model metric

RCP8.5 RCP4.5

2080 2150 2200 2080 2150 2200

NPM

extinctions 4 (3 – 5) 6 (3 – 9) 7 (2 – 12) 1 (0 – 2) 2 (0 – 6) 4 (0 – 9)

change in EMA — 20 (8 – 55) 25 (10 – 69) — 9 (4 – 34) 13 (5 – 47)

MC-SAR

comm. to extinction 5 — — 3 — —

SAR

comm. to extinction 9 — — 5 — —
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congruence between BEM–SAR forecasts of the number of

species committed to extinction (imminent þ delayed extinc-

tions) in 2080 and NPM forecasts of the number of realized

extinctions in 2200 (table 1). The predicted numbers of
imminent extinctions for 2080 were similar for the matrix-

calibrated BEM–SAR and the NPM under the RCP8.5 scenario

(table 1). In the absence of climate change, two species were

forecast to go extinct in the AWT after 2100. However, the



rsbl.royalsocietypu

4
uncertainty bounds were large and intersected zero (electronic

supplementary material, figure S2). Average metapopulation

occupancy remained relatively stable compared with forecasts

under the RCP4.5 and RCP8.5 scenarios (electronic sup-

plementary material, figure S2). Results from NPMs were

most sensitive to variation in the estimates of frog survival

(electronic supplementary material, table S1).
 blishing.org
Biol.Lett.12:20160236
4. Discussion
Climate change this century is forecast to cause imminent and

delayed extinctions for frogs in the AWT. We show that these

delayed extinctions are likely to occur at time lags greater than

100 years, following the disappearance of climatically suitable

areas and associated habitat loss. This has important impli-

cations for mitigating climate-driven biodiversity loss, because

long lag times (decades to centuries) provide conservation

practitioners with more time for intervention.

The widespread practice of coupling BEMs with SARs to

infer extinctions due to climate change has been criticized on

technical grounds [11], and more detailed (but data-demanding)

mechanistic approaches have been offered as a solution [8].

However, until now, no study has compared the likelihood

of inferred extinction rates from BEM–SAR approaches with

more direct mechanistic estimates, to better understand the

proportion of climate-driven extinctions that are delayed, and

as importantly, the lag times for these delays. We have shown

that inferences of projected extinction rates from BEM–SARs

(with and without matrix calibration) for frogs of the wet tro-

pics—a particularly sensitive taxon—are comparable with

direct estimates of extinction rates from NPMs if extinction

debt is assumed to transpire over an additional 120 years. There-

fore, BEM–SAR approaches provide useful forecasts of

extinction risk for frogs, if it is understood that many of these

extinctions will not be immediate, but instead are likely to be

delayed for over a century following climate-driven habitat

loss. Only two of 24 species of frogs were forecast to go extinct

in our study region by 2200 in the absence of climate change

(and management intervention), after time periods of more

than 100 years. The driving mechanism for these non-climate

losses is likely to be historical reductions in range and abun-

dance, including declines induced by the pathogenic fungal

disease chytridiomycosis [12]. This conclusion is tentative, how-

ever, with large uncertainty bounds that overlap with zero

(losses of species).

As triage becomes more ingrained in climate change-

adaptation strategies [13], a better understanding of the lag

times for delayed extinctions is vital. This is because lag

times extend the periods available to avert forecast extinctions

from climate change, through assisted colonization and habitat
restoration [14]. Accordingly, more species should remain on

the conservation radar for longer, if it is the case that most

extinctions from climate change are delayed and this extinction

debt is paid back over long time scales.

The generality of our present results on lag times for

extinctions due to climate change are constrained confidently

only to short-lived range-restricted species with low dispersal

capacities. We might expect more protracted lag times for

long-lived wide-ranging species—theoretically in the order

of centuries to millennia [3]. Furthermore, amphibian

declines in the twenty-first century are likely to occur as a

result of multiple drivers of extinction [15]. We implicitly

(partially) accounted for chytridiomycosis in our BEM–

SAR and NPM forecasts of extinction risk by (i) modelling

aspects of climate and post-chytridiomycosis frog occurrence

and (ii) using post-chytridiomycosis habitat preferences (elec-

tronic supplementary material, Methods). This approach is

reasonable because climatic conditions exert a strong influ-

ence on the distribution and prevalence of chytridiomycosis

[12]. We do not consider future land conversion to agriculture

a threat because the unfarmed areas in our study region com-

prise the protected Wet Tropics of Queensland UNESCO World
Heritage Area. Lastly, we note that uncertainty in forecasts

of extinction rates from NPMs remains high, possibly affect-

ing conclusions regarding agreement between BEM–SAR

approaches and the more mechanistic NPM estimates. This

uncertainty would be reduced through improved estimates

of demographic parameters (particularly survival) for frog

populations in the AWT. Species–area relationships will be

improved with better on-ground estimates of species richness

and rainforest area.

We conclude that coupled BEM–SAR approaches can

provide a valuable instrument for conservation, provided it

is understood that most of the extinctions forecast using

this method will not be immediate.
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