
Recovery of anuran community diversity following
habitat replacement

David Lesbarrères1,3*, Mike S. Fowler2†, Alain Pagano3 and Thierry Lodé3‡
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Summary

1. Recently habitat degradation, road construction and tra!c have all increased with human popu-

lations, to the detriment of aquatic habitats and species. While numerous restoration programmes
have been carried out, there is an urgent need to follow their success to better understand and com-

pensate for the decline of amphibian populations. To this end, we followed the colonization success
of an anuran community across multiple replacement ponds created to mitigate large-scale habitat
disturbance.

2. Following construction of a highway in western France, a restoration project was initiated in
1999 and the success of restoration e"orts was monitored. The amphibian communities of eight

ponds were surveyed before they were destroyed. Replacement ponds were created according to
precise edaphic criteria, consistent with the old pond characteristics and taking into account the

amphibian species present in each. The presence of amphibian species was recorded every year dur-
ing the breeding period for 4 years following pond creation.

3. Species richness initially declined following construction of the replacement ponds but generally
returned to pre-construction levels. Species diversity followed the same pattern but took longer to
reach the level of diversity recorded before construction. Pond surface area, depth and sun exposure

were the most significant habitat characteristics explaining both amphibian species richness and
diversity. Similarly, an increase in the number of vegetation strata was positively related to anuran

species richness, indicating the need to maintain a heterogeneous landscape containing relatively
large open wetland areas.

4. Synthesis and applications. We highlight the species-specific dynamics of the colonization
process, including an increase in the number of replacement ponds inhabited over time by some

species and, in some cases, an increase in population size. Our work suggests that successful replace-
ment ponds can be designed around simple habitat features, providing clear benefits for a range of

amphibian species, which will have positive cascading e"ects on local biodiversity. However,
considerationmust also be given to the terrestrial bu"er zone whenmanagement strategies are being
planned. Finally, our study o"ers insight into the successful establishment of anuran communities

over a relatively short time in restored or replacement aquatic environments.

Key-words: anurans, colonization, community persistence, mitigation plan, pond restora-
tion, Simpson’s diversity index, species richness

Introduction

The decline of amphibian populations throughout the world is

well established (Houlahan et al. 2000). Although the debate

about the causes of these declines continues (Alford & Rich-

ards 1999), habitat destruction (Blaustein & Kiesecker 2002),

pollution (Hecnar & M’Closkey 1996a), road mortality (Hels
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& Buchwald 2001) and interactions between climatic variabil-

ity,UV-B radiation and disease (Kiesecker, Blaustein&Belden

2001) have been recognized as the primary threats. In recent

decades, habitat degradation or alteration, road construction

and tra!c have all increased concomitant with human popula-

tion growth (Beebee 1997; Forman &Alexander 1998). E"orts

have beenmade tomitigate these threats but the critical factors

for successful habitat restoration for amphibians are still

unknown (Cushman 2006; Loman & Lardner 2006). For

instance, conservation measures commonly used to counteract

habitat destruction include translocation (Seigel &Dodd 2002;

Germano&Bishop 2009) and creation of new or restoration of

old wetlands (Semlitsch 2000). However, evaluation of the

e!cacy of these mitigation measures is still lacking (but see

Petranka, Kennedy & Murray 2003a; Petranka, Kennedy &

Murray 2003b; Vasconcelos & Calhoun 2006). Furthermore, a

multispecies approach to evaluating and monitoring conserva-

tion e"orts is needed (Maes&Bonte 2006).

One goal when restoring wetlands is to provide suitable hab-

itat for native wetland species, including pond-breeding

amphibians. Although the most important elements for suc-

cessful recovery of amphibians are known, with key factors

ranging from the maintenance of aquatic habitat quality to the

number of translocated tadpoles required to achieve a target

population size (Kentula et al. 1993; Semlitsch 2002), a recent

review by Pullin et al. (2004) showed that the majority of con-

servation actions remain experience-based and rely heavily on

traditional land management practices and conjectures. In

fact, many management actions remain unevaluated and

although some evidence exists supporting their implementa-

tion, little information is readily accessible in a suitable form

for conservation managers. Post-construction monitoring of

wetlands is rare and few studies present data onmitigation suc-

cess (Semlitsch 2002; Petranka et al. 2003a,b; Pullin et al.

2004; Vasconcelos &Calhoun 2006). Lehtinen&Galatowitsch

(2001) showed that recently restored wetlands were valuable

habitat for only a subset of the amphibians present on refer-

ence sites. However, in their study, the oldest wetland was

surveyed 20 months after its creation, which is less than the

time required by most aquatic-breeding amphibians to reach

reproductive maturity. Therefore, solid conclusions concern-

ing the establishment of viable populations were di!cult to

make (Reed et al. 2003). In contrast, Pechmann et al. (2001)

monitored breeding amphibian population sizes and juvenile

recruitment at newly created ponds over 8Æ5 years, comparing

the populations with others at the original wetland and at an

undisturbed reference wetland. Replacement ponds compen-

sated for wetland loss, but di"ered in community structure.

However, in that study, a large bay was replaced with some

very small ponds which were di"erent in many important

respects, hence meaningful comparisons are quite di!cult to

make.While these studies are valuable, there is a need for com-

parable studies including continuous observation of amphib-

ian population loss together with survey data from locally

restored wetlands. The results from such studies may help to

assess the potential e"ects of wetland restoration on local and

global amphibian population declines.

Following the construction of a highway in western France

in1999 and the subsequent destruction of ponds, replacement

ponds were built and surveyed over the following 4 years, pro-

viding the opportunity to evaluate the e"ectiveness of a resto-

ration programme. Our research focused on the phenology of

the colonization of new ponds by amphibians andwe predicted

that monitoring for 2–3 years would be su!cient to identify

species that will use the ponds for the first decade or so after

pond creation (Petranka et al. 2003a). Since the landscape

surrounding wetlands is important for key processes, such as

dispersal and population dynamics (Ficetola, Padoa-Schioppa

& De Bernardi 2009), we also hypothesized that habitat

features other than pond size will influence species richness and

diversity. In particular, we predicted a positive relationship

between sun exposure (in regards to tadpole development) and

the number of vegetation strata (in regards to food resources)

with species richness and ⁄or diversity. By contrast, pond depth
(which decreases average water temperature) and shoreline

cover (which might a"ect pond access) are both predicted to

have a negative impact on species richness and diversity.

Materials and methods

GENERAL STUDY SITE INFORMATION

The study area lies within theMaine&Loire region of western France

along a highway transect delimited by the cities of Angers and Cholet.

The restoration project included the construction of eight ponds to

replace those that were destroyed along the highway. The ponds were

considered independent since they were separated by an average dis-

tance of 17 km (range 5Æ5–34Æ5 km) and it is unlikely that individuals

moved between any of these ponds during the study period. Likemost

of the amphibian breeding habitats in this area, the original ponds

were man-made, often dug out to provide drinking places for live-

stock. Although no wetland can be replicated identically (Kustler &

Kentula 1990), the eight new ponds were built during the autumn at

the same time as the old ones were filled with soil. The new ponds

were built in the vicinity of the previous sites (range 80–120 m) and all

physical characteristics (surface area, depth, bank slopes) were

designed to be as similar as possible to the old ponds to allow reason-

able comparisons. New ponds were lined with 40–50 cm of clay so

that they would collect and hold rainwater. Althoughwater level fluc-

tuated over the first 2 years, all ponds were reasonably full by mid-

January of the first year when the first species began breeding and the

ponds have remained permanent ever since. We used a ‘self-designed’

approach (Mitsch &Wilson 1996) in assuming that the newly created

ponds had a high probability of being colonized by local plant species

(Lichko & Calhoun 2003). New ponds were not stocked since

amphibian activity was limited during the autumn and stocking

would probably have resulted in a bias among ponds. Replacement

ponds filled naturally with rainwater and experienced unrestricted

colonization and succession.

SPECIES INVENTORIES

From 1999 to 2003, a species inventory was assembled by conducting

repeated visits to focal ponds from mid-January to mid-July. Each

pond was visited up to three times a week with daily visits during the

breeding season of each species. Standardized frog survey techniques

were employed at each site. Species occurrence was determined by
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audio strip transect sampling and visual transect sampling at night

when most amphibian activity occurs (Jaeger 1994; Zimmerman

1994). Estimated population size for each species was based on the

maximumnumber of callingmales (less than or equal tomale popula-

tion size) and clutch counts (less than or equal to breeding female

population size) in and around each pond. The pond margins and,

whenever possible, most of the pond area were visited and amphibian

adults, eggs or larvae were censused by visual searches and dip-net-

ting. Identification was carried out in the field; all adults, adult calls

and clutches are easily distinguished (except for the species of the

hybridogenetic Rana esculenta complex: Rana lessonae ⁄ ridibunda ⁄ kl.
esculenta = Rana LRE hereafter; Semlitsch et al. 1996a,b). To stan-

dardize the survey methodology, we adjusted the time spent on each

site according to the pond size and habitat complexity so that every

10 m of shoreline was surveyed during an average of 3Æ4 (±0Æ4) per-
son-hours during the season. Based on our experience of repeated

measure surveys of many similar habitats in the same area over the

past 20 years, this approach maximized the probability of detecting

all species present in the pond on any given visit (Lesbarrères & Lodé

2002).

HABITAT VARIABLES

We conducted plant surveys in 2003 to assess the influence of vege-

tation on species occurrence. Based on recent studies of habitat fea-

tures and amphibian diversity (Crochet et al. 2004; Ficetola & de

Bernardi 2004), we restricted our analyses to the variables known to

influence our study species. The number of vegetation strata

(STRATA) was used to estimate the diversity of site vegetation: tree

stratum (woody plants >10 cm d.b.h. or >5 m height), shrub and

bush stratum (woody plants <10 cm d.b.h. or <5 m height), float-

ing vegetation stratum (herbaceous vegetation with submerged

stems and floating leaves), submerged vegetation stratum (herba-

ceous vegetation that is completely or mostly submerged), helophyte

stratum (herbaceous plants rooted in flooded habitat but with most

of the stem ⁄ leaves emergent out of the water), low herbaceous stra-

tum (<50 cm height), medium herbaceous stratum (50–100 cm

height) and high herbaceous stratum (>100 cm height). We

recorded the presence ⁄ absence of each species in the di"erent strata.

The proportion of vegetation cover was estimated by eye to describe

permanent pond and shoreline cover (PONDcov and SHOREcov,

respectively). Values for this variable ranged from 0% (no vegeta-

tion cover) to 100% (full vegetation cover). We estimated sun expo-

sure (SUN) as the proportion of the pond that was directly exposed

to sunlight (using 5% steps) between 11:00 and 1:00 hours (UTM)

in February and May during sunny days (between 20 to 24 days for

each pond). We averaged sun exposure on all days sampled to give

mean sun exposure over the breeding season. Finally, surface area

(AREA) and maximum depth (DEPTH) of each pond were

estimated using a decametre (±0Æ1 m).

Fish and predatory invertebrate presence have also been shown

to be important factors influencing amphibian diversity (Semlitsch

& Gibbons 1988; Gibbons et al. 2006) but we were unable to collect

relevant data in any of the replacement ponds during the studyperiod.

STATIST ICAL ANALYSIS

We estimated restoration success by comparing species diversity

before and after sites were restored. We estimated population size,

species richness (S) and Simpson’s reciprocal diversity index

D = 1 ⁄ kj with kj = Rpi
2, where pi is the frequency of the species

i in site j (Simpson 1949). For each pond, D ranges between 1 and

S. Higher values indicate greater sample diversity. We compared spe-

cies diversity in the newly constructed ponds and the original ponds

from S and D estimates between 1999 and 2003 using t-tests for

dependent samples.

We recorded the presence or absence of each species in each pond

in each year to determine the proportion of replacement ponds that

were inhabited by each species over time and the proportion of the

anuran species richness in each pond. We applied logistic regression

to the presence ⁄ absence values, using time after the destruction of the

original ponds as the independent variable. Finally, to investigate the

influence of time on population size, we looked at the interaction

between species and year in a repeated-measures anova with year as

repeated factor.

The replacement ponds were allowed to colonize with plants natu-

rally over the survey period. Therefore, to test the influence of habitat

characteristics on biodiversity indices, data from 2003 were analyzed

withmultiple linear regression,with themost appropriatemodel being

selected using Akaike Information Criteria methods (Burnham &

Anderson 2002; see Supporting Information for full model compari-

son).We first tested for multi-collinearity using the correlationmatrix

between variables (AREA;DEPTH, SUN, STRATA, PONDcov and

SHOREcov): if r > 0Æ7, then the regression may be biased (Berry &

Fieldman 1985). While the correlation between DEPTH and SUN

was 0Æ624 and between SUNand STRATAwas)0Æ507, in all pairwise
correlations r < 0Æ7 (P > 0Æ098 in all cases) and hence multi-collin-

earity was not considered a serious problem in our data set. Multiple

regression models were developed by including all combinations of

independent habitat variables. All statistical analyses were performed

using the spss Statistical Package v.11Æ5 (SPSS Inc., Chicago, IL,

USA) andMatlab v7Æ0Æ4Æ352 (TheMathWorks,Natick,MA,USA).

Results

Six frog species were recorded in this area including the earliest

breeders Rana dalmatina and Bufo bufo and the latest breeders

Rana LRE and Hyla arborea as well as Pelodytes punctatus

and Alytes obstetricans. For the eight ponds studied, the mean

surface area was 628Æ66 m2 (SD = 887Æ72), mean depth was

1Æ68 m (SD = 0Æ63), mean sun exposure was 74Æ38%
(SD = 33Æ11), mean pond cover was 33Æ13% (SE = 31Æ62),
mean shoreline cover was 91Æ88% (SE = 11) and the mean

number of strata was 4Æ63 (SE = 1Æ51).

RESTORATION SUCCESS

Five out of the six species observed in the old ponds in 1999

were present in the newponds by 2003 and successful reproduc-

tion (clutches, tadpoles, froglets) was observed for four of the

six anuran species recorded (B. bufo, R. dalmatina, R. LRE, H.

arborea) in the following years. No evidence of successful

reproduction has been recorded forP. punctatus andA. obsteri-

cans. Species richness did not di"er between the original

(destroyed) and the new (replacement) ponds at the end of the

survey period (3Æ25 and 3Æ63 species per pond in 1999 and 2003,
respectively; t = )1Æ26, d.f. = 7,P = 0Æ25, Fig. 1a) although
this result could be related to low statistical power. Likewise,

diversity returned to levels observed in the old ponds as we did

not observe a significant di"erence between diversity scores in

1999 and 2003 (t = 0Æ36, d.f. = 7,P = 0Æ73, Fig. 1b).
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! 2009 The Authors. Journal compilation ! 2009 British Ecological Society, Journal of Applied Ecology



The recovery of the anuran communities over time di"ered

both at the level of individual species and ponds (Figs 2 and 3).

The results of the logistic regression confirmed that most spe-

cies inhabited more replacement ponds over time (Fig. 2,

Table 1 – here, the sign of the regression coe!cient indicates

the direction of change in the probability that each species

would be found in all replacement ponds over time). The pro-

portion of ponds occupied by each species varied but there was

a significant increase in two species (R. dalmatina and B. bufo;

Fig. 2a and e). By contrast, there was a decline in the propor-

tion of ponds occupied by A. obstetricans because in 2001, it

disappeared from the area in which it had been observed prior

to pond destruction (Fig. 2f). There was an increasing trend in

the proportion of the anuran community that was present in

each pond over the study period, but only two of these were

significant (Les Challonges and La Frétellière, Fig. 3,

Table 2).

Temporal fluctuations were observed in the population size

with a significant interaction between species and year

(Repeated-measures anova, F20,168 = 2Æ4, P = 0Æ001) and an

increase in population size beginning in 2002 for R. dalmatina

andB. bufo (Fig. 4).

FACTORS INFLUENCING SPECIES RICHNESS AND

DIVERSITY

A model including surface area, pond depth, mean sun expo-

sure and number of strata explained 96Æ3% of the variation

in species richness in 2003 (F4,3 = 19Æ67, P = 0Æ017; Table 3

and Table S1 in Supporting Information). The best model of

species diversity included surface area, pond depth, mean

sun exposure and SHOREcov (F4,3 = 17Æ42, P = 0Æ02,
r2 = 0Æ96; Table 3, Table S2). We did not find any signifi-

cant e"ect of pond vegetation cover on species richness or

diversity.

Discussion

Denton et al. (1997) pointed out that measures of restoration

success for amphibians should be estimated as: (i) initial suc-

cess, the emergence of metamorphs from ponds; (ii) intermedi-

ate success, return of adults to breed for the first time; (iii)

complete success, continuation of breeding for 5 years; and

(iv) failure, adults fail to return after 5–10 years. Our observa-

tions suggest that the restoration ponds met the first two crite-

ria and we are optimistic about the medium- to long-term local

survival of the species of interest.

RESTORATION SUCCESS

In our study, the newly created ponds appear to have success-

fully mitigated the loss of the original ponds, with the excep-

tion of the midwife toad A. obstetricans, which was rare in the

original ponds. The newly created ponds provided suitable

habitat for breeding and larval development for many of the

species. Ultimately, species richness and diversity in the new

ponds in 2003 was similar to that recorded in 1999 in the old

ponds. However, species richness varied substantially among

years. Extensive temporal fluctuations have also been reported

in other amphibian populations and communities, both on

undisturbed (Berven 1990; Semlitsch et al. 1996a,b; Meyer,

Schmidt & Grossenbacher 1998) and newly created wetlands

(Arntzen&Teunis 1993; Pechmann et al. 2001) suggesting that

aminimumof 5–6 years of census data are necessary formean-

ingful evaluation of restoration projects (Arntzen & Teunis

1993). However, taking into consideration the time lags associ-

ated with the juvenile stage, it is likely that viable populations

of most species have now established because (i) successful

reproduction has been observed for four out of the six anuran

species recorded during the study; and (ii) populations still per-

sist to date with year-on-year recaptures (D. Lesbarrères &

A. Pagano, unpublished data). As predicted, species richness

decreased significantly from 1999 to 2001 before an increase in

2002 (Fig. 1) indicating an approximate 3-year recovery time

(a)

(b)

Fig. 1. (a) Mean species richness (±SE) and (b) mean Simpson reci-
procal diversity index (±SE) among the eight ponds for each year of
the study. The values for 1999 are from censuses of the original ponds,
values from 2000 onwards are censuses of the replacement ponds.

4 D. Lesbarrères et al.

! 2009 The Authors. Journal compilation ! 2009 British Ecological Society, Journal of Applied Ecology



among ponds. In fact, heavy road work continued in the vicin-

ity of the ponds during 2000 and part of 2001 that could have

prevented earlier colonization. Earlier colonization may have

occurred if the replacement ponds and surroundings were cre-

ated before the original ponds were destroyed (Lehtinen &

Galatowitsch 2001).

POND COLONIZATION

Temporal variation in pond colonization was observed among

species indicating species-specific colonization ability and habi-

tat requirements. The disappearance of A. obstetricans from

the only area where it was present suggests a failure to provide

suitable habitat for this species. We chose not to stock the

ponds but if wetland creation is being undertaken primarily for

the benefit of rare or endangered species, our results indicate

that there is no guarantee they would become established in

the new habitat without additional help (Kustler & Kentula

1990) and that transfer of individuals to new sites could be

advantageous (Gilioli et al. 2008). The increase in the number

of ponds occupied by tree frogs H. arborea indicates a strong

colonization ability (Stumpel &Hanekamp 1986; Fog 1993): it

can cross barriers that are insurmountable for more terrestrial

amphibians and the species survives well in temporary wet-

lands (Pavignano, Giacoma&Castellano 1990). Furthermore,

Ficetola & de Bernardi (2004) showed that tree frogs prefer

sunny wetlands which are likely to be a feature of artificially

created ponds before plants become well established thereby

favouring early colonization by this species. Similarly, our

records of widespread colonization by B. bufo are consistent

with a previous study showing high numbers of this species in

new ponds (Baker & Halliday 1999). Although the new ponds

were at least 850 m from other wetland areas (e.g. Le Doua),

colonization from more distant ponds cannot be excluded

(a) (b) (c)

(d) (e) (f)

Fig. 2. Changes in the proportion of all ponds inhabited by each anuran species over time. The values for 1999 are from censuses of the original
ponds (6), values from 2000 onwards are censuses of the replacement ponds (d). Panels also show logistic regression lines for the change in the
presence ⁄ absence of each species in all replacement ponds. (a)Rana dalmatina, (b)Rana LRE, (c)Hyla arborea, (d) Pelodytes punctatus, (e) Bufo
bufo, (f)Alytes obstetricans. Species that showed a significant increase (›) or decrease (fl) in the proportion of ponds inhabited over the study per-
iod aremarked in the panels with grey arrows.

Table 1. Logistic regression statistics for the probability that all replacement ponds are inhabited by each species

Pond site Regression coe!cient (±SE) Intercept (±SE) Deviance G2 statistics P-value

Rana dalmatina 0Æ751 (0Æ409) )0Æ790 (0Æ960) 0Æ366 3Æ292 0Æ048
Rana LRE 0Æ469 (0Æ335) )1Æ038 (0Æ902) 2Æ496 2Æ070 0Æ150
Hyla arborea 0Æ641 (0Æ350) )1Æ603 (0Æ951) 1Æ478 3Æ719 0Æ054
Pelodytes punctatus 0Æ052 (0Æ322) )0Æ509 (0Æ886) 0Æ358 0Æ026 0Æ87
Bufo bufo 3Æ020 (1Æ064) )8Æ327 (3Æ026) 5Æ191 26Æ613 <0Æ001
Alytes obstetricans )61Æ166 (6 · 106) 59Æ220 (6 · 106) 0 2Æ872 0Æ090

Year after destruction of the original ponds was used as the independent variable. In all cases d.f. = 1.

Recovery of anuran community diversity 5
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(Marsh & Trenham 2001; Gibbons 2003). Likewise, while the

new ponds were unsuitable for re-colonization immediately

after construction, other ponds in the area could have acted as

‘bu"ers’ to support breeding activity. The aim of our study,

however, was to assess the restoration success of the new ponds

in providing breeding habitat for amphibians and not to study

di"erences in population demographics between new and old

ponds. Therefore, it is possible that the populations observed

in the new ponds originated both from the old ponds and from

other nearby ponds.

ENVIRONMENTAL CORRELATES OF SPECIES

DIVERSITY

There was temporal variation in the amphibian diversity in the

newly created ponds and surface area was found to be one of

the main factors influencing species richness and diversity

(Table 3). Although this result sounds intuitive, in our study it

may have been driven by two cases where the size of the old

pond could not be reproduced at the new site. For example, at

La Brosse species diversity increased steadily from 1999 to

2003 and the surface area of the old pond was 10 m2 whereas

the new pond presented a permanent surface area of 98 m2,

potentially allowing more species and ⁄or larger populations to
coexist (Lehtinen & Galatowitsch 2001). In contrast, species

diversity decreased steadily over time at La Cantinerie.

Although the surface area increased from 1250 to 2760m2, the

number of strata decreased from eight to four and absolutely

no vegetation covered the pond, limiting the attractiveness to

some amphibians whose clutches are attached to submerged

and emergent sticks and vegetation. In our study, pond size

and habitat heterogeneity (number of vegetation strata) were

two important factors driving species richness and diversity in

the ponds 4 years after creation. While smaller restored wet-

lands are probably colonizedmore slowly than larger ones, our

data are consistent with studies showing a relationship between

amphibian species richness and wetland size (Hecnar &

M’Closkey 1996b; Snodgrass et al. 2000) as well as the impor-

tance of landscape elements around the ponds (Ficetola et al.

2009). Furthermore, although aquatic predators like fish and

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 3. Changes in the proportion of the sampled anuran communities that are present in each pond over time. The values for 1999 are from cen-
suses of the original ponds (6), values from 2000 onwards are censuses of the replacement ponds (d). Panels also show logistic regression lines
for the change in the presence ⁄ absence of the sampled community that was found in each pond. (a) La Galècherie, (b) La Brosse, (c) Le Doua,
(d) La Cantinerie, (e) Les Challonges, (f) La Frétellière, (g) Le Petit Pâtis, (h) Le Grand Noyer. Ponds that showed a significant increase (›) or
decrease (fl) in the proportion of the anuran community inhabiting themover the study period aremarked in the panels with grey arrows.

Table 2. Logistic regression statistics for the probability that all sampled frogs in the community are found in each replacement pond

Pond site Regression coe!cient (±SE) Intercept (±SE) Deviance G2 statistics P-value

La Galècherie 0Æ215 (0Æ382) )0Æ020 (1Æ021) 3Æ113 0Æ321 0Æ571
La Brosse 0Æ645 (0Æ432) )2Æ390 (1Æ275) 0Æ618 2Æ486 0Æ115
Le Doua 0Æ278 (0Æ378) )0Æ350 (1Æ013) 0Æ137 0Æ552 0Æ457
La Cantinerie )0Æ309 (0Æ463) )0Æ597 (1Æ170) 0Æ246 0Æ459 0Æ498
Les Challonges 0Æ945 (0Æ457) )1Æ936 (1Æ157) 1Æ237 5Æ275 0Æ022
La Frétellière 1Æ875 (0Æ712) )5Æ341 (2Æ068) 0Æ824 13Æ326 <0Æ001
Le Petit Pâtis 0Æ797 (0Æ501) )3Æ283 (1Æ568) 2Æ624 3Æ006 0Æ083
Le Grand Noyer 0Æ562 (0Æ395) )1Æ404 (1Æ076) 0Æ530 2Æ188 0Æ139

Year after destruction of the original ponds was used as the independent variable. In all cases, d.f. = 1.
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aquatic invertebrate were not recorded is this study, it is impor-

tant to monitor their presence in old vs. new ponds as they

could a"ect the specific colonization probabilities (Semlitsch &

Gibbons 1988). More generally, distinguishing the driving

forces behind community fluctuations requires detailed knowl-

edge of species’ demography, interactions with other commu-

nity members and responses to environmental variation

(Ranta et al. 2008; Ruokolainen et al. 2009).

MANAGEMENT IMPLICATIONS

Our results highlight the fact that although the communities at

most of the replacement ponds seem to have recovered well

over our relatively short study period, caution is still required.

In particular, reductions in species diversity in the replacement

ponds at La Cantinerie and La Galècherie compared with

the destroyed ponds suggest that careful monitoring is

required, if not further modification of these sites would be

needed to make them more suitable for anurans. Similarly,

A. obstetricans has been lost from the only site where it was

previously found, representing a reduction in diversity in the

area. Likewise, the recovery of P. punctatus may also warrant

special attention. Rare species such as A. obstetricans and

P. punctatus are more extinction-prone, and once they go

locally extinct, they take longer to re-colonize than do common

species (Harte 2003). Furthermore, theoretical work has

shown how the loss of a single species from a guild can lead to

further species loss, with those species lost being unable to

Table 3. Best model of linear multiple regression for species richness (for full list of model comparisons, see Table S1) and Simpson’s reciprocal
diversity index (full list of model comparisons, see Table S2) across eight ponds sampled in 2003

Species richness Species diversity

Parameter
coe!cient R2-value F-value P-value

Parameter
coe!cient R2-value F-value P-value

Full model 0Æ963 19Æ668 0Æ017 Full model 0Æ959 17Æ424 0Æ020
Partial statistics Partial statistics
Intercept 1Æ169 0Æ374 1Æ796 0Æ273 Intercept 3Æ514 0Æ842 16Æ039 0Æ03
Surface area 0Æ001 0Æ944 50Æ501 0Æ006 Surface area 0Æ002 0Æ874 20Æ837 0Æ020
Depth )2Æ516 0Æ924 36Æ520 0Æ009 Depth )0Æ892 0Æ860 18Æ471 0Æ023
Sun 0Æ053 0Æ915 32Æ464 0Æ011 Sun 0Æ021 0Æ902 27Æ675 0Æ013
STRATA 0Æ756 0Æ885 23Æ060 0Æ017 SHOREcov )0Æ016 0Æ490 2Æ881 0Æ188

Best model: species richness = 1Æ1691 + 0Æ0012 · Area ) 2Æ5161 · Depth + 0Æ053 · Sun + 0Æ7562 · STRATA.
Best model: species diversity = 3Æ5139 + 0Æ002 · Area ) 0Æ8919 · Depth + 0Æ0213 · Sun ) 0Æ0161 · SHOREcov.

(a) (b) (c)

(d) (e) (f)

Fig. 4. Temporal variation of the species estimatedmean population size taken across all eight ponds, with 95% confidence intervals from a Pois-
son distribution for each year of the study. Estimated population size for each species was based on the maximum number of calling males (less
than or equal tomale population size) and clutch counts (less than or equal to breeding female population size) in and around each pond. The val-
ues for 1999 are from censuses of the original ponds, values from 2000 onwards are censuses of the replacement ponds.
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establish following reintroduction in some cases (Lundberg,

Ranta & Kaitala 2000; Fowler & Lindström 2002), as well as

considerable changes in the relative abundance of the remain-

ing community members (Fowler 2005). However, an encour-

aging result from our study was that all other species sampled

showed a recovery over the study periodwith an increase in the

number of ponds inhabited in three cases (R. LRE,H. arborea

andB. bufo).

While the best option is clearly to prevent the loss of natu-

ral breeding sites, this study shows that wetlands created as

replacement sites can provide suitable alternative habitat. To

further improve the success of these new ponds, additional

measures have been implemented (Lesbarrères & Lodé

2000). Passages for amphibians were installed underneath

the highway to reduce roadkills and increase gene flow

between populations (Lesbarrères, Lodé & Merilä 2004), and

terrestrial habitats have also been protected along the road-

side to provide a terrestrial bu"er zone (Marsh & Trenham

2001; Gibbons 2003). Overall, our data indicate that coloni-

zation rate is species- and site-specific, but that recovery of

both species richness and diversity occurred in approximately

3 years (Petranka et al. 2003a). Additionally, we have shown

that new ponds should be designed to provide a large area

and a heterogeneous vegetation structure in order to quickly

restore amphibian diversity (Oertli et al. 2002; Vignoli, Bolo-

gna & Luiselli 2007). Long-term monitoring will be necessary

to distinguish human impacts from natural fluctuations

(Pechmann et al. 1991) and to assess the long-term success

of the restoration project with respect to site sustainability

(Petranka et al. 2007) and population size (Pellet et al. 2007).

Monitoring for at least 5 years will be required to assess

demographic responses to site restoration because amphibi-

ans have significant population lags due to their stage-struc-

ture (i.e. eggs, tadpoles, juveniles, adults) and their sensitivity

to site perturbations (Petranka et al. 2003b; Mattfeldt, Bailey

& Campbell Grant 2009). Wherever possible, sampling

should be carried out for several years before target ponds

are destroyed and control ponds should be included in the

restoration plans so that the background level of temporal

fluctuation can be assessed. Although it is clear that local

population recovery has taken place in this study, it is hoped

that these results will be beneficial at a larger scale (Semlitsch

2002). Ultimately, species conservation and the maintenance

of biodiversity can only be achieved if we understand the

consequences of habitat change for amphibians (Gardner,

Barlow & Peres 2007; Todd et al. 2009), we monitor regional

and local species distributions and declines (Werner et al.

2007), and, most importantly, we assess the success of resto-

ration e"orts.
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