
Abstract There is general consensus that climate

change has contributed to the observed decline, and

extinction, of many amphibian species throughout the

world. However, the mechanisms of its effects remain

unclear. A laboratory study in 1980–1981 in which

temperate zone amphibians that were prevented from

hibernating had decreased growth rates, matured at a

smaller size and had increased mortality compared

with those that hibernated suggested one possible

mechanism. I used data from a field study of common

toads (Bufo bufo) in the UK, between 1983 and 2005,

to determine whether this also occurs in the field. The

results demonstrated two pathways by which global

warming may cause amphibian declines. First, there

was a clear relationship between a decline in the body

condition of female common toads and the occurrence

of warmer than average years since 1983. This was

paralleled by a decline in their annual survival rates

with the relationship between these two declines being

highly correlated. Second, there was a significant rela-

tionship between the occurrence of mild winters and a

reduction in female body size, resulting in fewer eggs

being laid annually. Climate warming can, therefore,

act on wild temperate zone amphibians by deleteri-

ously affecting their physiology, during and after

hibernation, causing increased female mortality rates

and decreased fecundity in survivors.
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Introduction

Currently there is a consensus that mean annual

global temperatures have increased significantly over

the last century (Easterling et al. 1997; Jones and

Mann 2004; King 2005) and that over the last 20–

25 years there have been, and continue to be,

worldwide declines in many amphibian species and

extinctions in some others (Beebee and Griffiths 2005;

Blaustein and Wake 1990, 1995; Blaustein et al. 1994;

Carey and Alexander 2003; Collins and Storfer 2003;

Houlahan et al. 2000; Kiesecker et al. 2001; La Marca

et al. 2005; Laurance 1996; Lips 1998; Pounds 2001;

Pounds and Crump 1994; Stuart et al. 2004). There is

less agreement about the causes of these declines

(Alexander and Eischeid 2001; Collins and Storfer

2003; Kiesecker et al. 2001) though links with global

warming (Carey and Alexander 2003; Pounds 2001;

Pounds et al. 2006), habitat loss (Collins and Storfer

2003), pollution (Collins and Storfer 2003; Davidson

2004), increased ultra-violet irradiation (Blaustein

et al. 2003) and disease (Berger et al. 1998; Garner

et al. 2005; Lips et al. 2003; Pounds et al. 2006;

Puschendorf 2003) have all been suggested.

There is now good evidence that some amphibian

species can respond to a warmer climate, particularly

mild winters/springs, by breeding earlier (Beebee

1995; Reading 1998) and that this may have conse-

quences for body condition (Jørgensen 1986; Reading

and Clarke 1995) and larval development (Reading
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and Clarke 1999), both of which have the potential to

influence the dynamics of a population. What has not

been demonstrated, however, is how the link between

‘global warming’ and amphibian declines operates

(Collins and Storfer 2003) though Pounds et al.

(2006) have suggested that temperatures in many

highland areas are shifting towards the growth opti-

mum for the pathogenic chytrid fungus (Batracho-

chytrium dendrobatidis), thereby encouraging

outbreaks.

In a laboratory study Jørgensen (1986) demon-

strated that female Danish common toads (Bufo bufo),

fed ad libitum over the winter but prevented from

hibernating, had reduced growth rates, higher annual

mortality rates, and attained sexual maturity earlier

and at a smaller size than those subjected to simulated

hibernation. The study found that, irrespective of

temperature, feeding and growth rates declined to a

minimum during the 2–3 months prior to anticipated

hibernation and that the degree to which these were

restored to ‘normal’ levels after hibernation was

dependent on the duration of hibernation. Thus, toads

that live at high latitudes, or altitudes, are adversely

affected by exposure to prolonged periods of ‘summer’

temperatures and a period of hibernation is essential

for increased survival and for ‘maintaining health’

(Jørgensen 1986). Compared with cold winters, mild

winters would, therefore, be expected to provide less

favourable conditions for hibernation, both in terms of

its depth (severity) and duration.

In addition, temperate zone amphibians accumulate

and store energy reserves, in the form of fat bodies,

which they utilise during hibernation. During cold

winters the metabolic rate of hibernating amphibians

will be low and their energy reserves utilised at a

slower rate than during mild winters when their

metabolic rate will be relatively higher. It might

be predicted, therefore, that the body condition of

amphibians emerging from hibernation, following a

mild winter, would be lower than that following a cold

one due to the increased utilisation of their stored fat

reserves. In extreme cases, amphibian mortality

resulting from mild winters might be predicted to be

proportionately higher than after cold ones, due to the

complete utilisation of stored energy reserves before

the end of hibernation.

The aim of this analysis of data obtained from a

long-term field study (1983–2005) of common toads (B.

bufo) was to test the hypothesis that, compared to cold

winters, mild winters result in reduced female toad

body condition on emergence from hibernation, re-

duced female survival rates, and a decline in the body

size of females breeding for the first time.

Materials and methods

Study site

The study population of common toads B. bufo was

located in a flooded clay pit (approximately 0.34 ha)

situated to the north of the Purbeck Hills in south

Dorset, UK (Lat:50�39¢N, Long:2�7¢W). The breeding

pond is surrounded by Rhododendron Rhododendron

ponticum L. wood, mature deciduous woodland, wet

scrub woodland dominated by birch Betula pendula

Roth., B. pubescens Ehrh., mature Scots pine Pinus

sylvestris L., pasture, and heathland dominated by

Calluna vulgaris L. and Ulex europaeus L.

Methods

Annually, since 1983, sexually mature female and male

common toads arriving to breed at the study pond have

been captured and marked to denote the year of cap-

ture using a single toe clip. The snout-vent length

(SVL) and body mass of each individual were mea-

sured. As very few females were captured after they

had spawned, their body condition index (BCI) was

based on their body mass prior to spawning and thus

included the egg mass. Variation in egg mass size could

potentially result in a false pattern of change in BCI

over time. This potential problem was addressed by

first considering females to be equivalent to males with

eggs and then comparing the patterns of change in

female and male BCI over time. A strong linear rela-

tionship, with a slope of one, would indicate that fe-

male BCI values could be derived from pre-spawning

body mass values.

Between-year comparisons of female and male toad

BCI were determined from a regression analysis of

log10 body mass against log10 SVL after first pooling

the data for all 23 years (1983–2005) and analysing the

residuals, by year, to obtain a mean annual value for

each sex. Positive values represented years in which the

mean body condition of females was above average,

and vice versa.

Annual female survival was estimated from Cor-

mack–Jolly–Seber capture, mark, and recapture

(CMR) models using the software MARK (White and

Burnham 1999). Ten candidate models were defined

and the fit of each was determined from the quasi-

likelihood Akaike Information Criterion (QAICc)

values. Four of the models were those pre-defined in

MARK in which survivorship (/) and capture proba-

bility (P) were either time dependent (t) or constant. In

each of the remaining six models p was assumed to be

time dependent with / dependent on: (1) female BCI;
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(2) mean maximum daily environmental temperatures

(maxT), (a) since 1st October the previous year

(hibernation: maxT:Oct-breed) and (b) between 1st

April and the end of September the previous year

(activity period: maxT:Apr-Sept; (3) a combination of

BCI and maxT; (4) / having a linear trend over time.

U-CARE (Pradel et al. 2003; Choquet et al. 2005) was

used to test the goodness-of-fit of the model with time-

dependent survival and recapture probability and to

estimate the variance inflation factor ðĉÞ for comparing

models.

The meteorological data used in this study were

recorded at the Swanage weather station, situated

approximately 12 km from the study pond. MINITAB

14 was used for all statistical analyses not directly re-

lated to the CMR analysis using MARK.

Results

Adult toads, in common with many temperate

amphibian species, are only found in large numbers

during their breeding season (February/March), and

therefore measurements of their BCI, and estimates of

their survival rates, can only be determined annually

from data collected at the breeding sites. As a conse-

quence they are the result of the conditions experienced

by the toads during at least the previous year. Analysis

of daily weather data recorded at the nearby Swanage

weather station (south Dorset, UK) showed that, over

the 23 years since 1982, there have been significant in-

creases of 0.8 and 1.5�C, respectively, in the mean

minimum and mean maximum annual temperatures

(Fig. 1). Over the same period there was also a signifi-

cant increase in mean maximum temperatures of the

toad hibernation months (maxT:Oct-breed=4.73+

0.0645 year; R2=24.9%; P=0.015; n=23) showing that

the observed rise in annual temperatures was not just

the result of warmer springs/summers (maxT:Apr-

Sept=12.4+0.0537 year; R2=27.0%; P=0.011; n=23).

The patterns of change in female and male BCI over

time were very similar (Fig. 2). A regression analysis

of female BCI against male BCI gave a slope of

approximately one and an intercept close to zero

(female BCI =–0.0076+0.9604 male BCI; F1,22=276.20;

R2=92.9%; P<0.0001) indicating that pre-spawning fe-

male body mass could be used to estimate a realistic

value for female BCI.

The female recapture data (1983–2005) were over-

dispersed (v57
2 =125.07, P<0.0001, ĉ ¼ 2:19) with two of

the four component tests used in its estimation being

significant (TEST3.SR and TEST2.CT) and therefore

providing possible evidence for the presence of both

transients and trap dependence TEST3.SR, v22
2 =58.82,

P<0.0001; TEST3.SM, v16
2 =2.15, P=0.99; TEST2.CT,

v14
2 =62.69, P<0.0001; TEST2.CL, v5

2=1.40, P=0.92.

However, the results of TEST3.SR and TEST2.CT do

not preclude the subsequent data analysis (Schmidt

et al. 2002) and should both be treated with caution, as

they were based on sparse data, i.e., from a total of

3,178 capture histories, just 453 females were captured

more than once and of these only 44 (9.7%) were not

captured in consecutive years.

The QAICc weight values derived for each of the

models showed that the model with female BCI as a

covariate fitted the data best (Table 1), with the next

best two models, including a combination of BCI and
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temperatures (�C) between the 1st April each year and the start of
the common toad breeding season the following year (1982–2004).
Regression analysis: mean max. temperature = 8.18+0.068 year
(R2=36.6%; P=0.002; n=23). mean temperature =6.67+0.052 year
(R2=29.0%; P=0.008; n=23). mean minimum tempera-
ture = 5.18+0.036 year (R2=17.2%; P=0.049; n=23). The start of
the toad breeding season was the date when toads first arrived at
their breeding pond in large numbers
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temperature (maxT:Apr-Sept or maxT:Oct-Breed) as

covariates, fitting the data moderately well whilst the

remaining seven models were a poor fit to the data. In

addition, the fit of the models with either maxT:Apr-

Sept or maxT:Oct-Breed alone as the covariate indi-

cated that the effect of temperature on female survival

was relatively small, compared with that of female

BCI, whilst its correlation with female BCI was rela-

tively high, as shown by comparing the slopes of the

models based on BCI and maxT (Table 2). The inclu-

sion of maxT, with BCI, had very little effect on the

slope when BCI was the only covariate. BCI emerges

as the most important covariate irrespective of the

effects due to temperature.

Estimated female survival was plotted against max-

T:Apr-Sept and maxT:Oct-Breed together with fitted

survival values for a range of maxT values (15–19 and

8–13�C, respectively, in steps of 0.01�C) from the lo-

gistic regression models. The correlation between the

observed and fitted values (maxT:Apr-Sept: r=0.485,

P=0.016, df=21; maxT:Oct-Breed: r=0.330, P=0.062,

df=21) showed that the models accounted for 23.5 and

10.9%, respectively, of the annual variation in survival

estimates. These results suggest that although the ef-

fect of temperature on female survival is mainly indi-

rect, via its effect on BCI, the temperatures during the

spring and summer months also have a significant but

weak direct effect.

A significant negative relationship was found between

the female BCI and the mean maximum temperature

since April 1st the previous year (Fig. 3). This decline

was most marked during the late 1980s. In addition, a

causal relationship between temperature and BCI is

suggested because the plotted data are non-sequential

over time (see data labels). Significant relationships be-

tween female BCI and the mean maximum temperature

of the spring/summer months (BCI=0.395–0.0224 max-

T:Apr-Sept): R2=21.4%; P=0.026; n=23) and the hiber-

nation months (BCI=0.186–0.017 maxT:Oct-breed):

R2=19.2%; P=0.036; n=23) were also found though

they each explained less of the observed variation than

the temperatures occurring between Aprilyr t and

breedingyr t+1.

Between 1983 and 2005 annual female survival and

female BCI both declined over time (Fig. 4) with the

two declines being steepest between 1983 and 1991

before levelling off between 1994 and 2005. A regres-

sion analysis of survival against BCI and year

(survival =0.169+3.19 BCI +0.00069 year; P<0.0001;

R2=67.2%; n=23) showed that after allowing for the

effect of year the effect of BCI on female survival was

highly significant (P<0.003) whilst there was no

apparent effect of year after allowing for the effect of

BCI (P=0.89). Thus, the annual differences in female

survival are accounted for by the annual differences in

female BCI. A plot of female survival estimates against

BCI, together with fitted survival values obtained for a

range of BCI values (–0.04 to 0.08 in steps of 0.001)

from the logistic regression model [/(BCI), p(t): Ta-

ble 1] is shown in Fig. 5. The correlation between the

observed and fitted values (r=0.83) show that the

model accounted for 68% of the annual variation in the

survival estimates.

Linear regression analysis of the mean SVL of first

time breeding females against year showed an overall

significant, but erratic, decline (female SVL =591–

0.255 year; R2=32.2%; P=0.005; n=23) between 1983

(mean SVL =88.2 mm, SE=0.79 mm, n=65) and 2005

(mean SVL =76.2 mm, SE =0.83 mm, n=56). Although

no significant relationship (R2=16.0%; P=0.059; n=23)

was found between the mean SVL of first time

breeding females and the mean maximum temperature

of the winter immediately preceding first breeding, one

was found with the winter preceding that (mean female

SVLt=99.6–1.50 mean max. temperaturet–2; R2=20.9%;

P=0.032; n=22). The significance of this relationship

was enhanced by the non-sequential nature of the data

over time where that for the largest and smallest fe-

males spanned the periods 1984–1998 and 1990–2005,

respectively.

Table 1 Model selection
based on QAICc values using
variance inflation factor
ĉ ¼ 2:19

Model No. of
parameters

QAICc Delta
QAICc

QAICc

weight
QDeviance

/(BCI), p(t) 25 1,560.39 0.000 0.431 132.17
/(BCI + maxT:Apr-Sept), p(t) 26 1,561.16 0.76 0.294 130.91
/(BCI + maxT:Oct-Breed), p(t) 26 1,561.81 1.42 0.212 131.562
/, p 2 1,566.05 5.65 0.026 184.191
/(linear time trend), p(t) 25 1,566.08 5.68 0.025 137.86
/(maxT:Apr-Sept), p(t) 25 1,568.12 7.73 0.009 139.90
/(maxT:Oct-Breed), p(t) 25 1,571.45 11.06 0.002 143.24
/, p(t) 24 1,573.11 12.72 0.001 146.92
/(t), p(t) 40 1,578.37 17.97 0.000 119.59
/(t), p 24 1,579.58 19.19 0.000 153.39
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Discussion

These results, based on field observations, suggest that

with increasing climatic temperatures the BCI of female

common toads declines, both as a result of a reduced

ability to assimilate energy reserves during the spring

and summer months and an increased depletion rate of

stored energy reserves during mild winters compared

with cold ones. The observed decline, over 23 years, in

the BCI and survival rates of females arriving at their

breeding pond in the early spring were predicted if the

results of a laboratory study of Danish common toads

also applied to wild common toads (Jørgensen 1986).

The increased mortality, coupled with decreased BCI

provides strong evidence that the energy reserves accu-

mulated prior to hibernation were insufficient for many

females to survive hibernation during a succession of

mild winters that have occurred in the UK since 1988.

The results suggest that those females that died may

have done so because their accumulated energy reserves

(BCI), on entering hibernation, were not sufficiently

high to sustain them whilst those that survived emerged

from hibernation in poor condition.

The relatively weak, but nevertheless significant,

correlation between the temperature of the toad

activity period (maxT:Apr-Sept) and female survival

Table 2 Estimated slope coefficients (logit scale) of BCI and temperature for different models

Model Model ĉ Slope
a: BCI
b: maxT

SE slope
a: BCI
b: maxT

t-ratio
a: BCI
b: maxT

df P
a: BCI
b: maxT

/(BCI), p(t) 4.92 13.02 5.13 2.54 59 0.014
/(BCI + maxT:Apr-Sept), p(t) 4.95 a: 11.31

b: –0.159
a: 5.84
b: 0.291

a: 1.94
b: 0.55

58 a: 0.057
b: 0.584

/(BCI + maxT:Oct-Breed), p(t) 4.98 a: 12.84
b: –0.013

a: 5.56
b: 0.200

a: 2.31
b: 0.06

58 a: 0.024
b: 0.952

/(maxT:Apr-Sept), p(t) 5.20 –0.421 0.247 1.70 59 0.093
/(maxT:Oct-Breed), p(t) 5.33 –0.231 0.183 1.26 59 0.21

Standard errors adjusted to allow for overdispersion using variance inflation factor ĉ (Lebreton et al. 1992)
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suggests that temperature may affect either the avail-

ability of prey or the ability of toads to feed, thereby

impacting on their ability to assimilate body mass.

However, a detailed analysis of the effects of winter

temperatures on either female BCI or survival rates was

not possible in the absence of data on female BCI and

female numbers at the start of the hibernation period.

The weak, but significant, relationship between the

SVL of first time breeding females and the mean

maximum temperature of the winter 2 years prior to

breeding was not surprising given the predictions

resulting from the Danish laboratory study of common

toads (Jørgensen 1986). This study showed that once a

female has gained sexual maturity, as a result of a mild

winter, then the following year (April–September)

would be required for the ovaries to mature and de-

velop eggs, enabling spawning to occur after one fur-

ther winter/hibernation. The reduction in the SVL of

first time breeding females in the present study are

similar to the results obtained by Jørgensen (1986),

which showed that mild winters reduce subsequent

feeding and growth rates resulting in females reaching

sexual maturity at smaller sizes.

The reduction in the SVL of breeding females may

also have implications for the survival of amphibian

populations through its effect on the number of eggs

laid. Fecundity in toads is positively correlated with

female size (Reading 1986) and thus mild winters may

result, not only in decreased female survival, but also in

reduced egg production. Although these combined

effects may impact on recruitment to the population,

there is evidence that fecundity may not be as

important to population survival as mortality during

post-metamorphic stages (Biek et al. 2002; Hels and

Nachman 2002; Vonesh and De la Cruz 2002).

Although this study shows how climate warming is

linked to survival in a temperate amphibian, it may

also have important implications for neotropical

amphibians living at altitude (>1,000 m), where the

climate is effectively temperate and where many of the

reported declines have occurred (La Marca et al. 2005).

One reported cause of these declines is the chytrid

fungus, B. dendrobatidis (Lips et al. 2005), that is now

also present in five European countries, including the

UK, and is responsible for amphibian declines in Spain

and Switzerland (Garner et al. 2005). Scherer et al.

(2005) also found strong evidence that drastic declines

of two populations of boreal toads (Bufo boreas) in the

USA were not the result of changes in weather con-

ditions, but were due to B. dendrobatidis. However, the

link between outbreaks of B. dendrobatidis and climate

change appear to be strong (Pounds et al. 2006) and the

susceptibility of amphibians to pathogens, such as

B. dendrobatidis, is likely to increase under increasing

physiological stress, such as that resulting from reduced

body condition brought about by changes in climate.

Evidence of an indirect effect of environmental tem-

perature on amphibian survival, via its effect on BCI,

may therefore provide one explanation for the

observed increase in amphibian declines at many

highland localities resulting from outbreaks of

B. dendrobatidis (Pounds et al. 2006).

The results of this study of a wild population of

common toads support those found experimentally by

Jørgensen (1986). They provide field evidence that

increased annual temperatures in southern England,

over the 23 years between 1983 and 2005, have resulted

in a decline in the body condition of female common

toads (B. bufo) and that this is directly linked to an

equivalent decline in their annual survivorship. They

also suggest that the effect of ‘partial’ hibernation on

female toad physiology, resulting from mild winters,

may be an important factor linking the observed de-

creases in both body condition and survival rates. This

study has provided one possible explanation of the

links (summarised in Fig. 6) between global warming

and the observed decline in some amphibian species

worldwide (Beebee and Griffiths 2005; Blaustein and

Wake 1990, 1995; Blaustein et al. 1994; Carey and

Alexander 2003; Collins and Storfer 2003; Kiesecker

et al. 2001; La Marca et al. 2005; Laurance 1996; Lips

1998; Pounds 2001; Pounds and Crump 1994; Pounds

et al. 2006; Stuart et al. 2004).
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