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*HQHUDOLQWURGXFWLRQ

Many aspects of biology are similar in most or all organisms, but it is frequently
much easier to study particular aspects in some organisms which offer more facilities to
work with. In the case of the vertebrates, the frog ;HQRSXVODHYLV has been commonly
used as model system, especially for studying patterns of early development
invertebrates, and it is widely recognised as a “model organism”. The database of the
National Library of Medicine of the USA lists 17166 entries (October 2003) for ;HQRSXV
ODHYLV. Among European amphibians, the species with by far the highest number of
entries is the common frog, 5DQD WHPSRUDULD (4394 records as of October 2003),
suggesting that this species receives much interest of the scientific community.
Independent from the question whether 5DQDWHPSRUDULD can be considered as veritable
“model organism”, it is true that is one of the best known vertebrate species.
Consequently, one question arises: Why to study an organism very well known, and why
in high Pyrenean mountains?

7KHVSHFLHV5DQDWHPSRUDULD
The common frog, 5DQDWHPSRUDULD, is a widespread amphibian that occurs over
much of Europe, from Galicia (Spain) in the West to the Ural mountains in the East,
being the only amphibian species that reaches the North Cape (Grossenbacher 1997).
Similar to several other widely distributed species, the common frog has so far evaded
any comprehensive analysis of geographic variation, both regarding morphological and
genetic differentiation. Three subspecies are generally accepted: 5WKRQQRUDWL, a highaltitude form from the Western Alps; 5WSDUYLSDOPDWD from north-western Spain (Galicia
and Asturias), and 5WFDQLJRQHQVLV, a form which probably includes both the high- and
low-altitude populations from the Pyrenees and Euskadi (Arano et al. 1993; Sperling et
al. 1996; Grossenbacher 1997; Veith et al. 2003). Within genetic homogeneous clusters
of populations, a high interpopulational morphological variability is known (Veith et al.
2003), which has been the cause of a rather large taxonomic confusion regarding the
subspecific status of Iberian populations. Actually, this large variability was responsible
of the fact that the endemic species 5S\UHQDLFD was not recognised until very recently
(Serra-Cobo 1993) as it has repeatedly been mistaken with 5WHPSRUDULD (e.g. GarciaParis 1985).
5 WHPSRUDULD occurs in lowlands close to sea level up to rather high altitudes:
2720 m in the Alps, and 2569 m in the Pyrenees (Vences et al. 2003). Especially in
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Central Europe it is one of the most common amphibian species (e.g. Grossenbacher
1997). Nevertheless, declines of the species have been observed in the last decades,
which sometimes could not be attributed to any well defined causal factor (e.g. Galán
1999). Its wide latitudinal and altitudinal distribution range and the high number of
studies dealing with its biology and ecology qualify 5WHPSRUDULD as subject to study the
ecological impact of a wide array of local and global factors. Most of the available
literature, however, deals with low-altitude populations of the species (e.g. Cooke 1975,
Pascual & Montori 1981, Hintermann 1984, Loman 1984, Ryser 1986, Elmberg 1990).
The few papers treating populations at higher altitudes or in alpine environments indicate
important modifications of morphology, ethology and ecology (e.g. Balcells 1975,
Elmberg & Lundberg 1991, Ryser 1996, Miaud et al. 1999, Vences et al. 2000, 2002,
2003). So far this ecological plasticity is poorly understood. Especially the selective
pressures acting upon metapopulations in alpine environments and influencing their
evolutionary dynamics are largely unknown.
Montane amphibian populations are promising objects of ecological studies for
several reasons.
1.- A comparison of the ecology of montane populations with those from lower
altitudes allows statements on the degree of tolerance of several (mainly autecological)
parameters by the respective species, as these parameters will reach extreme values in
extreme environments such as high mountains.
2.- As the habitat of high-altitude populations is often difficult to access, most
studies of species occurring both at high and low altitudes have so far been centred on
the latter for practical reasons. Long-term studies on the high altitude populations are
therefore likely to lead to the discovery of unknown aspects of the biology and ecology of
these animals.
3.- In the context of the assumed global "amphibian decline" phenomenon it has
been observed that especially montane amphibian populations are disappearing from
virtually undisturbed and protected areas. This regards bufonid ($WHORSXV) and
dendrobatid (&RORVWHWKXV) taxa in the Andean range of South America (La Marca &
Lötters 1997), several montane Costa Rican anurans (Lips 1998), as well as montane
species of 5DQD in the USA (Bradford 1991, Wake 1991, Blaustein & Wake 1995) or
$O\WHV in Spain (Bosch et al. 2001, Martínez-Solano et al. 2003). The causes of these
declines have not always been identified, but for their exploration it is crucial to obtain
basic data on the number and individual density of high altitude amphibian populations,
and to follow larval, juvenile and adult density as well as on the reproductive success in
some of these populations during several years.

Chapter 1: ,QWURGXFWLRQ

5

7KHSODFH&LUFRGH3LHGUDILWD±&HQWUDO3\UHQHHV

The Pyrenees is an extensive mountain range of a width of about 400 km,
ranging from the Cantabrian to the Mediterranean Sea. It acts as a natural barrier and
political frontier between France and Spain. The Pyrenees have a high heterogeneity of
features, including geology, weather and altitudes from 800 m up to 3400 m. This
evironmental diversity qualifies the Pyrenees as suitable for comparative study of
ecological adaptations of animals at different elevations.
For the present research we selected a high altitude glaciar basin situated in the
central Pyrenees, Huesca province, called Circo de Piedrafita. This area is a rather large
plateau at 2100-2300 m altitude with a large number of water bodies, which are potential
breeding habitats of 5DQD WHPSRUDULD. These water bodies are of very different
extensions, from mere puddles of less than 1 m2, to the large Embalse de Respomuso
with ca. 500000 m2. The whole area is densely populated by 5DQD WHPSRUDULD and
several other amphibians (%XIR EXIR $O\WHV REVWHWULFDQV 6DODPDQGUD VDODPDQGUD
(XSURFWXV DVSHU). Several ponds, like the "Ibón de las Ranas", harbour very large
summer populations of 5 WHPSRUDULD Next to and in these ponds the frogs are very
easy to find due to the lack of higher vegetation.
The whole of the plateau is surrounded by high mountains of more than 3000 m
elevation, acting as a kind of barrier between the East and West side of the range, and
also influencing the altitudinal limit for the species. It is in this area where the highest
altitudinal limit for 5WHPSRUDULD in the Pyrenees has been reported (Vences et al. 2003).
Climatic conditions at high altitudes are very harsh, being very instable all year
round. Atmospheric pressures are low. The typical annual pattern in air temperature
shows a big difference, about 40 oC, between the maximum and minimum temperatures
each year. But also daily differences of more than 20 oC were recorded in summer.
Activity periods of amphibians are regulated in part by the temperature, because during
most of the year the low temperatures and the presence of several meters of snow layer
impose hibernation. The increase of temperatures and snow melting coincides with an
explosive start of activity, usually between mid-May and early June. During these dates
the frogs become active and the reproduction starts. However at higher altitudes (ca.
2500 m) it takes a longer time for the breeding season to start, until mid-July according
to our data. The end of the activity period coincides with a fast and important decrease
of temperatures,between the end of October and mid-November. Rainfall is usually
scarce and very unpredictable. Together with the very low air humidity in summer
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(sometimes less than 10%) this implies that this area is surprisingly dry despite the high
number of ponds and streams. Sudden decrease of temperatures, even with snow
precipitation, or big storms after weeks without rain in mid-summer, are not infrequent.
All these factors compromise the life of the frogs at high altitudes and act as
environmental pressure leading to some of the observed ecological and behavioural
adaptations.

Figure 1. Daily air temperature in the Respomuso meteorological station in 1994-2001.
The main frog population in the study area inhabits the Ibón de las Ranas (2158
m), a medium-sized pond and principal place for our research. This pond unfreezes
upon the beginning of June, coinciding with the start of the activity period. It freezes
again between mid-October to the beginning of November. There are two important
characteristics of this and other high altitude populations in comparison with lowland
populations. The first is their short annual activity period, which made it possible to
monitor the whole cycle from reproduction to hibernation. The second is the fact that in
these populations the frogs, adults and juveniles, stay in or close to the reproductive
ponds during the whole activity period. These two facts helped us to understand aspects
of the biology of this species in high altitude never recorded before, and to do it at a
large spatial and temporal scale.
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Figure 2. Two views of the Ibón de las Ranas: beginning of breeding period in June, and
end of activity season (October).
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2XWOLQHRIWKHWKHVLV
The main focus of this work is to contribute to the understanding of the spatial
and the temporal metapopulation dynamics of the biology of 5DQD WHPSRUDULD at high
altitudes. From a spatial perspective we have analysed the influence of elevation on
several aspects, such as reproduction or larval survival, but also the habitat
determinants for frog presence and reproduction, and microhabitat utilization. From a
temporal perspective, we have analysed several phases of the biological cycle, but also
juvenile recruitment and adult population dynamics for several years. In addition, other
punctual aspects of the frog biology were studied. The structure of the thesis is the
following:
Chapter 2 analyses the altitudinal and temporal variation in the reproduction of
5DQD WHPSRUDULD in the Circo de Piedrafita. The duration of the breeding period, the
relationships between female size and fecundity, and the variations in fecundity between
years were examined.
Chapter 3 analyses the observed values of fecundity in the study population in a
European context. A latitudinal spatial gradient of reproductive investment for the
species is reported, and possible explanations analysed.
In chapter 4 we have investigated other aspects of the reproductive biology of
5DQDWHPSRUDULD. Mating behaviour is being described based on field observations, and
the a new reproductive strategy by post-mating clutch piracy is reported. This strategy
has also been analysed from a genetic point of view using a set of microsatellite loci
which helped to determine paternity unambiguously.
Altitudinal distribution limits of common frogs are the focus of chapter 5. The
altitudinal limit of the species in the Pyrenees had previously been reported from the Pic
of Cambalès, an isolated peak not typical for frog presence. We revisited the area 2.5
km around this peak to determine the real altitudinal limits for the species. Also data from
the wider area in the Pyrenees, and from the Alps, were analysed.
In chapter 6 we explore possible habitat determinants for the presence and
reproduction of 5WHPSRUDULD, analysing separately tadpole, imago and juvenile phases
in the whole pond network at the Circo de Piedrafita. The aim was to assess whether
different determinants govern the selection of habitats respectively the survival of these
phases. In the light of analytical artifacts encountered, the utility of discriminant analysis
for these purposes is discussed.
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Chapter 7 deals with the differential survival and massive mortality of early stages
in two montane anurans during their first year of life. While in 5DQD WHPSRUDULD
recruitment was observed, in the same lake no %XIREXIR recruits survived the first year.
The possible factors that compromised survival of the different developmental phases of
% EXIR and 5 WHPSRUDULD were analysed, and implications for recruitment processes
discussed.
Chapter 8 analyses how environmental variables influence body shape and oral
morphology in 5DQDWHPSRUDULD tadpoles, and discuss the validity of some morphological
structures for taxonomical purposes.
In chapter 9 we analyse the variability in amphibian recruitment rates between
principal and secondary breeding habitats in high altitude. As our study place can be
considered a close pond network system and a possible model for other high altitude
metapopulations, the recruitment pattern observed in principal and secondary ponds is
examined. Furthermore, implications for management and monitoring are discussed.
Chapter 10 addresses the microhabitat use and daily activity cycles of 5DQD
WHPSRUDULD at the major reproductive place during summer. The observed microhabitat
selection is discussed in the context of the dry and unpredicted climatic conditions
observed in montane environments.
Chapter 11 describes the fluctuations of the adult and juvenile population during
five years on the basis of mark-recapture data.
Chapter 12 shows the feeding of 5WHPSRUDULD in this locality in summer. Major
prey types and sizes were analysed for different sizes of frogs.
Chapter 13 is a general discussion of the results presented in this thesis.

10

Chapter 1: ,QWURGXFWLRQ

5HIHUHQFHV
Arano B.M., Esteban M. and Herrero P. 1993. Evolutionary divergence of the Iberian
brown frogs. $QQ6FL1DW=RRO 13. series, 14: 49-57.
Balcells E. 1975. Observaciones en el ciclo biológico de anfibios de alta montaña y su
interés en la detección del inicio de la estación vegetativa. 3XEOLFDFLRQHV GHO &HQWUR
3LUHQDLFRGH%LRORJtD([SHULPHQWDO 7 (2): 55-153.
Blaustein AR, Wake DB. 1995. The puzzle of declining amphibian populations. 6FLHQWLILF
$PHULFDQ 272:56-61.
Bosch J, Martinez-Solano I, Garcia-Paris M. 2001. Evidence of a chytrid fungus infection
involved in the decline of the common midwife toad ($O\WHV REVWHWULFDQV) in protected
areas of central Spain. %LRORJLFDO&RQVHUYDWLRQ 97(3):331-7.
Bradford DF. 1991. Mass mortality and extinction in a high-elevation population of 5DQD
PXVFRVD. -RXUQDORI+HUSHWRORJ\ 25(2):174-7.
Cooke A.S. 1975. Spawn site selection and colony size of the frog (5DQD WHPSRUDULD)
and the toad (%XIREXIR). -RXUQDORI]RRORJ\/RQGRQ 175: 29-38.
Elmberg J. 1990. Long-term survival, length of breeding season, and operational sex
ratio in a boreal population of common frogs, 5DQDWHPSRUDULD L. &DQDGLDQ-RXUQDORI
=RRORJ\. 68: 121-127.
Elmberg J. and Lundberg P. 1991. Intraspecific variation in calling, time allocation and
energy reserves in breeding male common frogs 5DQD WHPSRUDULD. $QQDOHV =RRORJLFL
)HQQLFL 28: 23-29.
Galán P. 1999. &RQVHUYDFLyQGHODKHUSHWRIDXQDJDOOHJD. Universidade da Coruña. 286
pp.
Garcia-Paris M. 1985. /RV $QILELRV GH (VSDxD. Madrid (Publicaciones de Extensión
Agraria), 287 pp.
Grossenbacher K. 1997. 5DQD WHPSRUDULD (Linnaeus 1758). In: Gasc J. P. Cabela A.,
Crnobrnja-Isailovic J., Dolmen D., Grossenbacher K., Haffner P., Lescure J., Martens H.,
Martínez-Rica J.P., Maurin H., Oliveira M. E., Sofianidou T.S., Veith M. and Zuiderwijk A.
(eds.). $WODV RI $PSKLELDQV DQG 5HSWLOHV LQ (XURSH. Societas Europaea Herpetologica
and Muséum National d'Histoire Naturelle (IEGB/SPN), Paris: 158-159.
Hintermann U. (1984): Populationsdynamische Untersuchungen am Grasfrosch 5DQD
WHPSRUDULD Linnaeus, 1758. 6DODPDQGUD 20: 143-166.
La Marca E. and Lötters S. 1997. Monitoring of declines in Venezuelan $WHORSXV
(Amphibia: Anura: Bufonidae). ,Q W. Böhme, W. Bischoff , & T. Ziegler (eds.):
+HUSHWRORJLD %RQQHQVLV (Proceedings of the eighth ordinary general meeting of the
Societas Herpetologica Europaea). Bonn (SEH), 416 S., pp. 207-213

Chapter 1: ,QWURGXFWLRQ

11

Lips K.R. 1998. Decline of a tropical montane amphibian fauna. &RQVHUYDWLRQ %LRORJ\
12:106-17.
Loman J. 1984. Density and survival of 5DQDDUYDOLV and 5DQDWHPSRUDULD. $O\WHV 3 (4):
125-134.
Martínez-Solano I, Bosch J, García-París M. 2003. Demographic trends and community
stability in a montane amphibian assemblage. &RQVHUYDWLRQ%LRORJ\ 17(1):238-44.
Miaud C., Guyétant R. and Elmberg J. 1999. Variations in life-history traits in the
common frog 5DQDWHPSRUDULD (Amphibia: Anura): a literature review and new data from
the French Alps. -RXUQDORI=RRORJ\/RQGRQ 249:61-73
Pascual X., Montori A. 1981. Contribución al estudio de 5DQDWHPSRUDULD L. (Amphibia,
Ranidae) en Sta. Fe del Montseny (Barcelona). I. Descripción de la zona y estima de la
población. 0LVFHOODQLD=RRORJLFD 7: 109-115.
Ryser J. 1986. Altersstruktur, Geschlechterverhältnis und Dynamik einer GrasfroschPopulation (5DQDWHPSRUDULD L.) aus der Schweiz. =RRO$Q] 217: 234-251.
Ryser J. 1996. Comparative life histories of a low- and a high- elevation population of the
common frog 5DQDWHPSRUDULD. $PSKLELD5HSWLOLD 17: 183-195.
Serra-Cobo J. 1993. Descripción de una nueva especie europea de rana parda
(Amphibia, Anura, Ranidae). $O\WHV 11: 1-15.
Sperling P., Vences M. and Böhme, W. 1996. Vorläufige Bemerkungen zum
taxonomischen Status von 5DQDWHPSRUDULDKRQQRUDWL Heron-Royer, 1881. 6DODPDQGUD
32: 99-112.
Veith M., Vences M., Palanca A., Vieites D.R and Nieto-Román S. 2003. Genetic
differentiation and population structure within Spanish common frogs (5DQDWHPSRUDULD
complex; Ranidae, Amphibia:). )ROLD=RRORJLFD 51 (4): 307-318.
Vences M, Palanca A., Vieites D.R., Nieto-Román S., Riobo A. and Galán, P. 2000.
Summer microhabitat use and daily activity cycles in a high altitude Pyrenean population
of 5DQDWHPSRUDULD. +HUSHWRORJLFDO-RXUQDO. 10: 49-56
Vences M., Puente M., Vieites D.R. and Nieto-Román S. 2002. Phenotypic plasticity of
anuran larvae: environmental variables influence body shape and oral morphology in
5DQDWHPSRUDULD tadpoles. -RXUQDORI=RRORJ\/RQGRQ. 257:155-162.
Vences M., Grossenbacher K., Puente M., Palanca A. and Vieites D.R. 2003. The
Cambalès fairy tale: elevational limits of 5DQDWHPSRUDULD (Amphibia: Ranidae) and other
European amphibians revisited. )ROLD=RRORJLFD 52(2): 189–202.
Wake D.B. 1991. Declining amphibian populations. 6FLHQFH 253:860.

12

Chapter 1: ,QWURGXFWLRQ



&+$37(5

$OWLWXGLQDODQGWHPSRUDOYDULDWLRQLQWKHUHSURGXFWLRQRI
FRPPRQIURJV 5DQDWHPSRUDULD LQKLJK3\UHQHDQPRXQWDLQV

PDQXVFULSW 


14

Chapter 2:

             

Chapter 2:

             

15

$OWLWXGLQDO DQG WHPSRUDO YDULDWLRQ LQ WKH UHSURGXFWLRQ RI FRPPRQ IURJV 5DQD
WHPSRUDULD LQKLJK3\UHQHDQPRXQWDLQV


$EVWUDFW
In the area around the Circo de Piedrafita in the Central Pyrenean mountains,
onset of the breeding season of the common frog, 5DQDWHPSRUDULD, is correlated with
elevation. Populations living at the altitudinal limit in this area, around 2500 m above sea
level, start breeding as late as in mid-July in the 30th calendar week the latest breeding
onset reported so far for this species. At 2200 m, breeding starts in the 24th week, and
the potential activity period is about 150 days per year. At this altitude, the number of
eggs laid by females was extremely low (120-863), although females were not
particularly small (mean SVL 72 mm) and egg size was not conspicuously larger than
elsewhere. This low reproductive output is discussed as a result of possible trade offs in
the extreme high-altitude environments, characterized by short yearly activity periods
under highly unstable climatic conditions.

5HVXPHQ

En el área del Circo de Piedrafita, así como en el Pirineo central, el inicio del
periodo reproductor en la rana bermeja, 5DQD WHPSRUDULD, está correlacionado con la
altitud. Las poblaciones que viven en el límite de distribución altitudinal de la especie en
este área (alrededor de 2500 m de altitud), comienzan a reproducirse muy tarde, a
mediados de Julio, habiéndose registrado puestas la semana número 30 del año. Estas
son las fechas más tardías de puesta registradas para esta especie. A 2200 m, la
reproducción comienza la semana número 24 del año, siendo el periodo de actividad
potencial a esta altitud de aproximadamente 150 días al año. En esta altitud, el número
de huevos depositados por la hembra es extremadamente bajo para la especie (120863), si bien las hembras no son particularmente pequeñas (longitud media de 72mm) y
el tamaño de huevo tampoco es mayor que en otras poblaciones. Esta baja fecundidad
se discute como un posible ajuste a las condiciones extremas observadas en zonas de
alta montaña, caracterizadas por periodos de actividad cortos bajo condiciones
climáticas adversas y altamente inestables.
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Among the amphibian species of the Western Palearctic, the common frog 5DQD
WHPSRUDULD is one of the most widespread (Grossembacher 1997). It is characterized by
a wide altitudinal tolerance both regarding its presence and successful reproduction
(Vences et al. 2003).
Several trade-offs in life-history traits in relation to altitude have been reported for
this species, although some of the published results were contradictory. With higher
altitudes, 5DQDWHPSRUDULD presents a later onset of spawning (Beattie 1985, Guyétant
et al. 1994), shorter activity period (Elmberg 1991, Ryser 1996, Miaud et al. 1999, higher
longevity (Elmberg 1991, Miaud et al. 1999), older age at first reproduction (Ryser 1996,
Miaud et al. 1999), larger (Kozlowska 1971, Miaud et al. 1999) or smaller average body
size (Beattie 1987; no altitudinal trend according to Elmberg 1991), slower growth rate
(Ryser 1996, Miaud et al. 1999), faster embryonic development (Angelier & Angelier
1968, Beattie 1987; no differences found by Brand & Grossenbacher 1979), and faster
larval development (Brand & Grossenbacher 1979; no differences found by Holms
1982).
Among the various traits that seem to show elevational variation in 5DQD
WHPSRUDULD, those determining fecundity and maternal investment can be considered as
key factors for the fitness of populations (Godfray et al. 1991). Living at high altitudes,
close to the ecological distribution limits, implies the need of growing with a shorter
activity period and consequently an adjustment in fecundity and egg size as reaction to
this decrease of fitness (Ryser 1996). A lower reproductive output and increase in egg
size in higher altitudes has been reported by some authors (Kozlowska 1971, Beattie
1987), whereas others did not observe such trends (Elmberg 1991, Joly 1991, Guyétant
et al. 1994).
The aim of the present paper is to contribute to the understanding of the
altitudinal effect on life-history traits in amphibians by providing new data from Central
pyrenean populations. We assessed the onset and duration of the breeding season,
mean fecundity and egg size at different altitudes, and additionally analyzed interannual
variability of some of these traits.

Chapter 2:

             

17

0HWKRGV
Fieldwork was carried out in the Circo de Piedrafita area, central Pyrenean
mountains, Aragón, Spain (42º 48' 53'' N, 00º 16' 53'' W). The study site and
characteristics of water bodies were described in detail elsewhere (Vences et al. 2000,
2002a). This area is characterized by a large number of glacial ponds and lakes in which
5DQD WHPSRUDULD breeds. These water bodies occur from 2000-2900 m, but frogs have
their altitudinal distribution limit at about 2600 m (2569 m) and the highest reproducing
population is at 2516 m (Ibones de la Facha) (Vences et al. 2003).
In order to understand the relationship between elevation and initiation of
spawning period in this region of the Pyrenees, we carried out a survey from May to
July 2001. Ponds and lakes at altitudes between 2000-2600 m were monitored and the
day of first egg laying recorded. The data were combined with those reported by Balcells
(1975) from ponds at lower altitudes in the same region.
A detailed study of reproductive patterns was carried out in a medium-sized lake
at an elevation of 2158 m in the Circo de Piedrafita, thus about 350 m below the regional
altitudinal limit for reproduction of 5 WHPSRUDULD At this site we surveyed the
reproduction of common frogs between 2000-2003, although complete data sets were
only available for 2001 and 2003. Reproduction started in the first week of June in 2000,
2001 and 2002, and in the last week of May in 2003.
The potential yearly activity period of the frogs at this site was extrapolated using
data from the nearby Respomuso meteorological station. Based on our field
observations, we considered that activity started with the melting of the snow layer and
with air temperatures being higher than 7º C over more than 5 consecutive days, this
being the lowest body temperature recorded from active frogs in the field (Vences et al.
2002b). Absence of days with temperatures over 7°C and presence of a permanent
snow layer were considered as criterion for the end of the activity period.
Female observed spawning were captured, their size and weight measured and
egg number in the clutch recorded. Female snout-vent length was measured to the
nearest 0.1 mm with a calliper. Weight was recorded in the field using a digital balance
to the nearest 0.1 g (Kern CM 150-1 pocket balance); all weights and length data refer
to females after spawning.
Females of 5 WHPSRUDULD usually lay all their eggs in one spawning event.
Because the number of eggs per female was very low in the study population we
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controlled whether the females may had laid only partial clutches (e.g. Reyer et al.
1999). External palping in the abdominal region provided no indication of remaining
oviductal eggs in any of the females. Dissection of ten females killed before spawning
confirmed the low egg counts.
We obtained size and weight measurements for 44 and 78 specimens in 2001
and 2003, respectively, which represented about 50% and 70% of the total of females
present during the breeding period. Of 23 respectively 21 of these, additionally, we also
were able to reliably identify the clutches laid and perform egg counts. In the years 2000
and 2002 we only recorded the numbers of eggs per clutch but took no measurements
of the females.
Egg size and weight was recorded from oocytes removed from the ten dissected
specimens. We removed the jelly capsule from 6-7 eggs per female and photographed
each egg with a digital camera (Nikon Coolpix) connected to a Leica stereo microscope.
Photographs were imported in AUTOCAD 2000 software, scaled and digitally measured.
Horizontal and vertical maximum diameter was measured to the nearest 0.01 mm and
the mean diameter calculated for each egg.
Egg mass (mean egg dry weight) was calculated following Cummings (1986).
Three batches of 5 decapsulated oocytes from each female were dried for for 72 hours
at 80ºC. Each batch was placed in one metal capsule as developed for ultraprecision
balances (Tin capsules D 1008, Elemental Microanalisis Ltd.). Capsules had been dried
and weighted before in a balance (Sartorius Micro Pro 11, Fisons) to the nearest 0.001
mg and mean dry egg weight determined by substraction of the weight of the empty
capsule and division through the number of eggs in the batch. Clutch mass (total dry
egg mass) was calculated as product of egg number and mean dry egg mass
(Cummings 1986).
Statistical analyses were conducted using SPSS 10. Analyses of variance
(ANOVA) with Tukey post-hoc tests, as well as simple regression models were used to
test relationships between variables. Regressions slopes were compared by analyses of
covariance (ANCOVA), with SVL as covariate. For some comparisons we employed
pairwise W tests and Mann-Whitney 8 tests.
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5HVXOWV


%UHHGLQJVHDVRQDWKLJKDOWLWXGHV

The onset of the breeding season resulted to be positively and significantly
correlated with elevation in the Central Pyrenees (r = 0.87, EST = 0.80, W = -4.35, Q = 80,
3 < 0.001; fig. 1). Assigning all localities to three categories according to their altitude
above sea level (1000-1500 m, 1500-2000 m and 2000-2516 m), the initiation of
spawning period differed significantly between all (ANOVA; ) = 48.16, df = 2, 3 < 0.001,
in all Tukey post-hoc comparisons). At high altitudes (> 2000 m a.s.l.) the spawning
period started between the end of May and the beginning of June, with a mean onset 89
days later than in the 1000-1500 m category. At the altitudinal limit of reproduction (ca.
2500 m) reproduction started as late as in the second half of July. This delay implies
that the time for larval development and juvenile pre-wintering feeding period is very
limited. In 2001 we discovered in the population breeding at the highest elevation (2516
m) that metamorphosing juveniles from the previous year died by freezing around the
lakeshore.
In the pond studied by us in more detail (ca. 2200 m), reproduction started in the
first week of June in 2000, 2001 and 2002, and in the last week of May in 2003,
coinciding with the beginning of unfreezing of lakes. According to available
meteorological data, the mean yearly potential activity period in 2000-2002 was 152 ± 17
days.


(JJDQGFOXWFKPDVVHV

Mean egg diameter, as determined in the study pond in 2003, was 2.16±0.23
mm with a minimum of 1.67 mm and a maximum of 2.60 mm (Q = 10). Mean egg mass
was 1.824±0.114 mg, with a minimum of 1.594 mg and a maximum of 1.955 mg. Clutch
mass varied from a minimum of 495-1101 mg, with a mean value of 754.2±254.6 mg.
Because of the low sample size no clear correlation was found egg mass or diameter
and female size.


)HPDOHERG\OHQJWKDQGIHFXQGLW\

Average female SVL at the study pond was 72.0±5.8 mm during the breeding
season in 2001 and 67.3±6.1mm in 2003. Size range of breeding females was from
about 55 mm to 90 mm. SVL was normally distributed in 2001 and 2003 (fig. 2), but
means varied significantly between years (W = 4.23, df = 120, 3 < 0.001).
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Figure 1. Correlation of the onset of breeding period and elevation (meters above
sea level) in the Central Pyrenees. Circles refer to data taken from the review of Balcells
(1975), stars symbolize own data (only major ponds).
The minimum egg number per clutch recorded in this population was 120 in 2001
and the maximum number recorded was 863 in 2003. The average number over the four
study years was 410±147 eggs (Q = 174).
A positive relationship between female size and egg number per clutch
(fecundity) was observed in 2001 and 2003 by linear regression analysis (2001: ) =
7.33, df = 1,21, 3< 0.05; 2003: ) = 13.04, df = 1,19, 3< 0.005; see fig. 3). ANCOVA
with SVL as covariate did not reveal significant differences between the regression
slopes of the two years () = 0.170, df = 1,41, 3 = 0.68).
Figure 4 illustrates mean fecundity as observed in the four study years. The values
differed significantly among years as revealed by a non-parametric Kruskal-WallisANOVA (Chi-square = 51.884, d.f.= 3, 3 < 0.001). Pairwise comparisons with MannWhitney U-tests resulted in significant differences (P < 0.005) in all cases except in the
comparison between values for 2002 and 2003.
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The altitudinal limits for reproduction of 5DQDWHPSRUDULD 2745 m in the Alps and
2516 m in the Pyrenees, have been related to the absence of ice-free water bodies
during a minimum time span required for completion of larval development and
metamorphosis (Vences et al. 2003). The data presented herein confirm that the
spawning period in the Pyrenees started later at high altitudes as compared to lowlands,
thus reducing the time available for larval development. Although this obvious pattern
has been noted before (Kozlowska 1971, Balcells 1975, Guyétant et al. 1994), the very
late onset of breeding at the maximum Pyrenean elevations as reported herein, at the
beginning of the beginning of the 30th calendar week at 2500 m and in the 24th week at
2200 m, is the most extreme record for this species so far. Guyétant et al. (1994)
recorded the onset of breeding for the 23th week at 2500 m altitude and for the 25th week
at 2400 m in the French Alps, whereas Brand & Grossenbacher (1979) reported it in the
26th week for 2500 m in the Swiss Alps.

Figure 2. Frequency of body size classes (SVL in mm) of breeding females of 5
WHPSRUDULD at the study lake in 2001 and 2003. White triangles indicate the mean body
size of all adut females in the population.
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Figure 3. Correlation of female body size (SVL in mm) and fecundity (number of eggs
per female). Triangles correspond to data from 2001, circles to data from 2003. Models
are: fecundity = 7.9396 SVL – 99.101 for 2001 (divided line); and fecundity = 10.931
SVL – 317.98 (continuous line).

This late onset of breeding results in a significant reduction of the time span
available for larval development and for growth of metamorphosed juveniles (imagos).
This is reflected by our record, in 2001, of dead imagos encovered in the thawing ice
layer of the previous year and by the fact that no one-year old juveniles were found at
elevations higher than 2371 m in the study area. We assume from these observations
that successful recruitment of imagos into these high-altitude populations is not a
regular event due to the short time span available until metamorphosis. This contrasts
with the situation at most low-elevation sites where reproduction of 5DQD WHPSRUDULD
starts between January and June (Gislén & Kauri 1959, Savage 1961, Ballcels 1975,
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Beattie 1985) or even takes place in November-December (Bea et al. 1986), resulting in
much more extended potential activity periods.



Figure 4. Box plots (including median, standard deviation and 5 and 95% percentiles)
showing the interannual variation in fecundity at the study pond.


Our results agree with previous studies that found evidence for a correlation
between accumulation and thawing of snow and amphibian phenology at high altitudes
(Brand & Grossenbacher 1979, Corn 2003). Intervals between snow thawing and onset
of breeding became narrower with increasing elevation, spawning taking place very
shortly after disappearance of snow at high altitudes (Brand & Grossenbacher 1979).
Global warming apparently resulted in more early onset of breeding in some populations
(Beebee 1995). A warmer future climate could especially lead to a reduction of the
duration and extent of snow cover (MacCracken et al. 2001). This scenario could benefit
high altitude populations of 5DQDWHPSRUDULD by permitting an earlier onset of breeding
and a more extended time span for larval development.
We found evidence for a significant variation of mean fecundity and mean female
size among years at the main study pond (Fig. 4). Since these two parameters are
strongly correlated, it can be hypothesized that differences in population structure of
body sizes and possibly ages, caused by mortality and recruitment processes, result in
the interannual differences of fecundity. Although our study period (four years) is

24

Chapter 2:

             

insufficient for conclusive statements, preliminary analyses (not shown) indicate a
possible alternative process. Changes in fecundity might have occurred in parallel to
changes in rainfall of the previous year, being positively correlated, which could have
influenced the egg production of females, e.g. through increased or decreased
availability of food.
It is striking that the observed fecundity at our study pond (number of eggs per
clutch) was the lowest recorded in 5DQDWHPSRUDULDso far (Kozlowska 1971, Koskela &
Pasanen 1975, Arrayago and Bea 1986, Cummings 1986, Gibbons and McCarthy 1986,
Ryser 1988, Elmberg 1991, Augert 1992). Female sizes in this population were not
particularly low as compared to values from lower altitudes. Also, the size and mass of
the eggs were not conspicuously larger than elsewhere (Kozlowska 1971, Cummings
1986, Gibbons & McCarthy 1986, Ryser 1988, Augert 1992), indicating that the study
population is actually characterized by a reduced reproductive output and not by a shift
of the investment towards a lower amount of larger eggs, as has been observed in
montane anurans (e.g. Lüddecke 2002).
A possible altitudinal reduction of fecundity in 5DQD WHPSRUDULD is disputed
(Kozlowska 1971, Beattie 1987 vs. Elmberg 1991, Joly 1991, Guyétant et al. 1994). The
population studied by us shows fecundities slightly lower than those from a relatively
close lowland populations (Arrayago and Bea 1986). The climate in the study area is
characterized by strong instability, with long periods of snow cover and important daily
fluctuations in air temperature and precipitation. These conditions are harsh as
compared to those from nearby lowland populations (Bea et al. 1986). Reduction of
fecundity could be a consequence, because females can only spend some of their
energy in egg production (Järvinen 1986). The climatic conditions and extension of the
activity period at our study place (3-4 months per year) are comparable with those for
high latitudes at 66º N (Elmberg 1991), but a more incusive analysis is necessary to
understand the causes for altitudinal and temporal trade-offs in fecundity of 5DQD
WHPSRUDULD.
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&OLPDWLFLQVWDELOLW\H[SODLQVDVSDWLDOJUDGLHQWRIUHSURGXFWLYHLQYHVWPHQWLQIURJV
$EVWUDFW
Variation of fecundity in the common frog 5DQD WHPSRUDULD a widespread
Western Palearctic amphibian species, is mainly determined by the number of eggs,
whereas variation in egg size plays only a minor role. This trend, evidenced by an
analysis of published data across the whole distribution range of the species, applies to
comparisons among and within populations. Expressing fecundity by egg number at
standardized female sizes, a clear curvilinear pattern along a latitudinal gradient is
apparent, with populations in the latitudinal distribution centers showing highest and
those at the northern and southern distribution limits showing the lowest fecundities. In
the distribution center the differences in egg numbers between large and small females
are more strongly expressed, indicating that fecundity is mainly influenced by physical
constraints (maximum carrying capacity of the female body cavity). In contrast, at the
distribution limits both large and small females had low fecundities, probably caused by a
limited energy availability that hinders the building up of large numbers of eggs in either
body class. We did not find a significant correlation of fecundity with any single climatic
variable. Instead a highly significant negative correlation with spatial climatic variability
was apparent, indicating that unpredictability of the activity period because of climatic
instability may be the major factor reducing energy availability for female common frogs.

5HVXPHQ

El patrón de variación de la fecundidad en 5DQD WHPSRUDULD, especie
ampliamente distribuida en el Paleártico Oeste, está principalmente determinado por el
número de huevos, si bien el tamaño del huevo juega un papel secundario. Mediante un
análisis de los datos publicados para todo el área de distribución de la especie, se
evidencia esta tendencia tanto dentro de, como entre poblaciones. Expresando la
fecundidad como el número de huevos estandarizado para un determinado tamaño de
hembra, se ha observado un claro patrón curvilinear latitudinal, en el que las
poblaciones cercanas al centro latitudinal de distribución de la especie muestran una
mayor fecundidad, mientras que las de los extremos norte y especialmente sur
presentan las menores. En el centro de distribución las diferencias en el número de
huevos entre ranas grandes y pequeñas está muy marcada, indicando que la
fecundidad está más influenciada por factores físicos (como la capacidad máxima para
albergar huevos determinada por la cavidad corporal de la hembra). En contraste, en los
límites de distribución, tanto las hembras de gran y pequeño tamaño presentan baja
fecundidad, probablemente debido a una limitación de la energía disponible que no
permite invertir en la producción de huevos en ambos tamaños de hembras. No se ha
encontrado ninguna correlación significativa entre la fecundidad y todas las variables
climáticas disponibles. Sin embargo, la fecundidad sí se correlaciona significativa y
negativamente con la inestabilidad climática espacial, indicando que la falta de
predicción del periodo de actividad debido a la inestabilidad climática podría ser el factor
más importante que reduzca la disponibilidad energética para las hembras de rana
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,QWURGXFWLRQ

The geographic range of a given species is usually considered as the basic unit
in biogeography. Understanding the causes and processes that limit species
distributions is therefore a prioritary endeavour for biogeographers (Brown HWDO. 1996).
The analysis of widespread species bears the potential of understanding how distribution
limits may be influenced by latitudinal or altitudinal effects on life history traits.
The variations of life histories correlated to latitude or altitude have been
intensively studied (e.g. Badyaev & Ghalambor 2001, Cardillo 2002), and the same is
true for latitudinal and altitudinal gradients in species numbers (e.g., Hunter & Yonzon
1993, Fleishman HWDO 1998, Hofer HWDO. 1999).
Assessing life histories allows to investigate into the causes of fitness differences
among life history variants (Stearns 1997). Fecundity and maternal investment are
among the most important life history traits and are key factors to measure the fitness of
populations (Godfray HW DO. 1991). Egg production is expensive in terms of energy
resources. Hence, under suboptimal environmental conditions the trade-off between the
physiological requirements of the individual female and the production of eggs is
severed, and adjustments trying to optimise reproductive investment could derive in
changes in number or size of brood (Godfray HWDO. 1991, Stearns 1997, Lourdais HWDO.
2002). A reduction in number but increase in size of offspring has been suggested to be
the most successful strategy in harsh and cold environments (Yampolsky & Scheiner
1996).

Several studies have found evidence for a variation in fecundity among different
altitudes (e.g. Berven 1982, Badyaev & Ghalambor 2001, Lüeddecke 2002) or latitudes
(e.g. Fleming & Gross 1990, Encabo HWDO. 2002). However, few authors have analysed
this pattern across the whole distribution range of widespread species (e.g. Johnston &
Leggett 2002), although this bears the potential of providing new insights in comparison
to more geographically restricted analyses (Encabo HWDO. 2002 vs. Hõrak HWDO. 1995).
The common frog, 5DQD WHPSRUDULD, is a widespread Palearctic amphibian that
has been subject of a large number of ecological and biological studies (Grossenbacher
HW DO. 1988). Altitudinal (Miaud HW DO. 1999, Elmberg 1991) and latitudinal (Merilä HW DO.
2000, Laugen HW DO. 2002) correlates of its life-history traits have been described, but
these studies were restricted to a limited number of populations and to a narrow
geographical sampling. This species is the only non-live bearing European amphibian
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that has managed to establish viable populations in very harsh subarctic and alpine
environments. It is the most widely distributed amphibian of the Western Palearctic and
the only one reaching the North Cape in Norway (Grossenbacher 1997). It therefore is a
good candidate to detect latitudinal and altitudinal trade-offs in its life history traits.
Here we analyse the variation of fecundity of 5DQD WHPSRUDULD across a wide
latitudinal range over most of its distribution area. Surprisingly, our analysis did not
reveal any distinct correlation of variation in reproductive output with single climatic
variables. We consequently propose a novel hypothesis in which climatic stability versus
instability is a crucial determinant of fecundity.

0HWKRGV
6RXUFHVRIELRORJLFDOGDWD

5DQDWHPSRUDULD breeds once per year, and females deposit all of their eggs in
one clutch. Because variation in egg mass is limited (see below), fecundity and female
parental investment in this species are largely proportional to the number of eggs laid.
Linear regression equations of female size (snout-vent length SVL) against fecundity
(number of eggs per female) were collected from available literature (table 1) and
complemented with own data from the Circo de Piedrafita, a high altitude locality in the
Pyrenean mountains (Vieites chapter 2). Similarly, available data on egg mass and
diameter were summarized (table 2).



The distribution range of 5DQD WHPSRUDULD was summarized from literature
sources and personal communications. Most of the European range was outlined
according to Grossenbacher (1997) whereas the eastern limits of the area were taken
from Kuzmin (1999). While the southern limits in the Balcans are not very clearly
defined, in the Italian Peninsula the southernmost population is located in Lazio ("Monti
della Laga", Rieti Province) but populations in central Italy are not continuous (F.
Andreone, pers. comm.). In the Iberian Peninsula the species is found only in the north,
being the Montseny mountains in Catalonia the southernmost population (Esteban
2002).
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/RFDOLW\
Ammarnäs
Haapavesi
Umeå
Burren Region, County
Clare
Longham, Norfolk
Sawtry, Cambridgeshire
Saltfleetby, Lincolnshire
Spitchwick Common,
Devon
Bielany, Kraków
Chocholowska valley, W
Tatras
Brzeziny, High Tatras
Zawoja, High Beskid
Servotte
Thévenon
NE Berne
Outzaurte
Respomuso, Pyrenees

/DWLWXGH
65° 58' N
64º 10' N
63° 50' N

/RQJLWXGH
16° 12' E
25º 10' E
20° 15' E

(OHYDWLRQ P 
390-430
100
10-50

(TXDWLRQ
lny=-2.27+2.89lnx
y=36.394x -1480.4
lny=-0.99+2.24lnx

5HIHUHQFH
1
2*
1

53º 02' N

09º 04' W

50

y=-1.98x2.73

3*

52º 42' N
52º 26' N
52º 26' N

00° 52' E
00° 16' W
00° 13' E

60
10
1

lny=-3.283+2.501lnx
lny=-3.068+2.501lnx
lny=-3.290+2.501lnx

4
4*
4

50º 31' N

03° 48' W

100

lny=-3.506+2.501lnx

4*

50° 03' N

19° 50' E

200

y=50.94x- 1660.50

5*

49º 15' N

19º 47' E

1000

y=37.78x-1444.64

5*

49° 56' N
49° 40' N
46º 58' N
46º 55' N
46° 55' N
42º 56' 54'' N
42º 48' 53'' N

21° 33' E
19° 34' E
05° 34' E
05° 39' E
07° 28' E
02º 15' 56'' W
00º 16' 53'' W

1000
700
200
215
600
652
2158

y=14.35x+534.00
y=26.70x- 331.00
y=0.003x3.10
y=0.0018x3.19
y=-1277.9+33.03x
y=14.18x-268.19
y = 10.931x - 317.98

5*
5*
6*
6*
7*
8
9*

Table 1. Localities for which original equations for relationship between female body size and fecundity were available. In all the
models “y” is the expected fecundity (total number of eggs per female of a given size) and “x” is female snout-vent length.
References are: 1, Elmberg (1991); 2, Koskela & Pasanen (1975); 3, Gibbons & McCarthy (1986); 4, Cummings (1986); 5,
Kozlowska (1971); 6, Augert (1992); 7, Ryser (1988); 8, Arrayago & Bea (1986); 9, Vieites chapter 2.
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/RFDOLW\

/DWLWXGH

/RQJLWXGH (OHYDWLRQ

69/

Haapavesi
N Jutland
Lund
Burren Region
Longham
Sawtry
Saltfleetby
Spitchwick
Bielany
Chocholowska
Brzeziny
Zawoja
Servotte
Thévenon
NE Berne
Respomuso

64º 10'N
56º N
55º 40’ N
53º 02'N
52º 42'N
52º 26'N
52º 26'N
50º 31'N
50° 03'N
49º 15'N
49° 56'N
49° 40'N
46º 58'N
46º 55'N
46° 55'N
42º 49'N

25º 10'E
13º E
09º 04'W
00° 52'E
00° 16'W
00° 13'E
03° 48'W
19° 50'E
19º 47'E
21° 33'E
19° 34'E
05° 34'E
05° 39'E
07° 28'E
00º 17'W

76.3
66.6
63.1
81.2
61.8
66.3
80.5
87.4
78.0
89.0
67.2
61.8
67.3

100
20
50
60
10
1
100
200
1000
1000
700
200
215
600
2158

HJJPDVV
UDQJH
1.09-2.36
1.33-2.54
0.76-1.98
1.89-3.03
1.59-1.96

HJJPDVV HJJ
PHDQ
UDQJH
1.79-2.34
1.3-1.9
1.68-2.70
1.42-1.69
1.89-2.01
1.19-1.53
2.34-2.40
1.58-1.93
1.76-2.24
1.67-2.21
1.76-2.16
1.55
1.24
1.83-2.38
1.82
1.67-2.60

HJJ
PHDQ
1.99
1.6
1.88
2.32
1.75
1.98
1.96
1.95
2.1
2.16

5HI
1
2
3
4
5
5
5
5
6
6
6
6
7
7
8
9

Table 2. Localities for which data on mean egg dry mass (mg) and mean egg diameter (mm) are available. Ranges for each
(minimum-máximum) are given when available. Note that for populations of reference 5 mean minimum and maximum values for
different years are shown. Latitude-longitude coordinates, elevation and mean population female size are included. References are:
1, Koskela & Pasanen (1975); 2, JØrgensen (1981); 3, Loman (2001); 4, Gibbons & McCarthy (1986); 5, Cummings (1986); 6,
Kozlowska (1971); 7, Augert (1992); 8, Ryser (1988); 9, Vieites chapter 2.
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*HRJUDSKLFYDULDWLRQ

We calculated the distribution center of the species as the point within its range
that is most distant from the major edges of the range (Channel & Lomolino 2000). The
linear distance to the latitude of the distribution center and the linear distance to the
nearest distribution limit were measured using Arcview 2.0 GIS Software for all
populations included in this study.
Coordinates and elevation of the populations analysed were collected directly
from the original references; in the few cases where no exact information on latitude or
longitude were available, we estimated these data from a world geographic index
(www.calle.com) or from topographic maps. The elevational distance to the potential
altitudinal limit was calculated as the distance to the predicted elevation of the snowline
based on the summary of Körner (1998) for the northern hemisphere.


&OLPDWLFYDULDWLRQ

A number of climatic variables were used as independent variables to test
correlation with the fecundity: mean annual temperature, number of months with mean
negative temperature, variability of annual temperature, number of days with ground
frost, mean annual rainfall, variability of rainfall, mean Penman’s evapotranspiration, and
variability of Penman’s evapotranspiration. Variabilities were calculated as the
differences between minimum and maximum values, except temperature variability,
which was calculated as the difference between mean temperatures of July and January
(Kerr & Packer 1997). Data were obtained from the IWMI Climate Atlas
(www.iwmi.cgiar.org). Differences in sea level pressure (SLP) between years with an
North Atlantic Oscillation (NAO) index >1.0 and those with an index <-1.0 (high index
minus low index winters) between 1899-1994 was used as estimate of spatial climatic
variability (Hurrell 1995). A Krigging interpolation was done based on the original grid
dataset of Hurrell (1995) in Arcview 2.0 software to obtain variability values for each
locality.


$QDO\VHV

Geographic variation in fecundity was tested using allometric equations, taking
into account the influence of female size. Larger females of 5DQD WHPSRUDULD usually
produce more eggs than smaller ones (e.g. Cummings 1986, Gibbons & McCarthy
1986), mean fecundity per population is strongly affected by the proportion of females of
different sizes (Laugen 2002). Hence, we used available equations of SVL against
fecundity to adjust predicted fecundity to standard female sizes. We used sizes of 60
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mm, 70 mm and 80 mm which are representative of mean female SVL at maturity (53.483.6 mm; Miaud HW DO. 1999). These predicted fecundities for each female size and
population were used in subsequent analysis as dependent variables.
Statistical analyses were conducted using SPSS for Windows, version 10. Simple
and multiple regression models were applied to test correlations between variables. In
multiple regressions, the independent variable with strongest effect on the dependent
variable was entered first in the analysis.


5HVXOWV


)HFXQGLW\WUDGHRIIVE\JHRJUDSKLFGDWD


A total of 17 regression equations showing the relationships between female
body length and number of eggs per clutch (fecundity) were available for analysis. The
localities cover a wide geographic range (23º latitude) between 42º 48'N and 65° 58'N
that is close to including the southern distribution limit of the species in the Iberian
Peninsula and approaches by about 5 degrees the northern limit (Fig. 1). The center of
the distribution range is located at 56º 0’ N and 29º 49.2’ E. All localities are in the
western half of the geographic range of the species. Analyses of longitudinal variation of
fecundity were therefore not possible.
There was no latitudinal or altitudinal tendency in mean egg dry weight or egg
diameter (P > 0.5; table 2). Interpopulational variation in these parameters was relatively
low, indicating that egg number is the main variable determining differences in fecundity
among R. temporaria populations.

Female size-adjusted fecundity was not directly correlated with latitude or
longitude using linear or exponential models (3 > 0.5 in all the comparisons). In contrast,
a square-value model reulted to be highly correlated with latitude for each standard
female size (r = 0.71 for SVL = 60 mm, ) = 7.0145, df = 2,14, 3 < 0.01; r = 0.76 for SVL
= 70 mm, ) = 9.8300, df = 2,14, 3 < 0.005; r = 0.73 for SVL = 80 mm, ) = 7.7666, df =
2,14, 3 < 0.01; Fig. 2). Fecundity decreases both at the southern and northern limits of
the distribution area of 5WHPSRUDULD, and is highest in the centre of the range.




38



Chapter 3: 6SDWLDOJUDGLHQWRIUHSURGXFWLYHLQYHVWPHQW



Figure 1. World distribution map of the common frog (5DQD WHPSRUDULD). Distribution
range is outlined in black, Europe in grey. Localities are indicated by dots and numbers
correspond to: 1, Ammarnäs; 2, Umeå; 3, Haapavesi; 4, Brzeziny ; 5, Bielany, Zawoja,
Chocholowska valley ; 6, Berne ; 7, Servotte, Thévenon; 8, Respomuso; 9, Outzaurte;
10, Sawtry , Saltfleetby, Longham ; 11, Spitchwick Common ; 12, Burren Region




Differences in fecundity between large (80 mm) and small (60 mm) frogs are
more strongly expressed in the centre of the latitudinal range than at the extremes. In
order to linearise these relationships, we plotted the linear distance from the latitude of
the range distribution centre against size-adjusted fecundity (Fig. 3). Fecundity
decreased significantly with increasing distance to the latitude of the range center for
each of the standard female sizes (exponential regression models, SVL = 60mm, EST = 0.70, W = -3.76, Q = 17, 3 < 0.005; SVL = 70mm, EST = -0.73, W = -4.16, Q = 17, 3 < 0.001;
SVL = 80mm, EST = -0.72, W = -3.99, Q = 17, 3 < 0.005).
Furthermore, we found a negative and significant correlation between fecundity
and altitude for each of the standard female sizes (exponential regression models, SVL
= 60mm, EST = -0.56, W = -2.6, Q = 17, 3 < 0.05; SVL = 70mm, EST = -0.71, W = -3.87, Q =
17, 3 < 0.005; SVL = 80mm, EST = -0.76, W = -4.91, Q = 17, 3 < 0.001). However, this
variable could be autocorrelated with latitude in our dataset (Durbin-Watson ' = 1.215,
between dL and dU values) and therefore its predictive capacity is limited. No significant
correlation was found between fecundity and the distance to the closest (altitudinal or
latitudinal) distribution limits (3 > 0.5). A stepwise multiple regression model using
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distance to latitudinal centre and altitude as independent variables did not support a
significant effect of altitude on fecundity.





Figure 2. Regression plot of latitude (degrees) in the northern hemisphere and
female size-adjusted predicted fecundity (number of eggs) for female SVL from 60 to 80
mm. Symbols represent: SVL = 60 mm, white triangle; SVL = 70 mm, black square; SVL
= 80 mm, white square. Model equations are: for SVL = 60mm, fecundity = -4.3074
latitude2 + 477.0498 latitude – 12036.6754; SVL = 70mm, fecundity = -5.879 latitude2 +
655.4400 latitude – 16603.4258; SVL = 80 mm, fecundity = -7.7894 latitude2 + 872.4962
latitude – 22178.3385.




Although distance to altitudinal distribution limits could be a good variable to
predict variability in fecundity, available data (e.g. predicted snowline) don’t allow us to
get a real impression of the real altitudinal distribution limits, as the difference between
predicted limit and the real limit in our Pyrenean study place was about 1000 m of
difference.
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Figure 3. Relationships between the distance to latitude of range distribution centre (Km)
and female size-adjusted predicted fecundity for female SVL from 60 to 80 mm. Symbols
as in figure 2. Black arrow indicates the two populations in the species’ southern
distribution limit. Regression equations are: for SVL = 60 mm, fecundity = 1566 e–
0.00072distance
; SVL = 70 mm, fecundity = 2292 e–0.00075distance; SVL = 80 mm, fecundity =
–0.00080distance
3186 e
.

The lack of a clear evidence for altitudinal influences could be caused by the fact
that the predicted snowline limit may not reflect the correct climatic situation.
Circumstantial indications of altitudinal effects come from the two populations from the
southern distribution limit in Spain. These have lower predicted fecundities as compared
to other populations, and also the differences in fecundity between large and small frogs
are less distinctly expressed (Fig. 4). These two populations occur at very different
altitudes (652 vs. 2158 m above sea level). After their removal from the analysis no
significant effect of the altitude on fecundity is observed (3 > 0.5), indicating that much of
the influence of altitude on fecundity is based on this comparison among a high-altitude
and a low-altitude site. At the low-altitude population in the Spanish Basque country the
predicted mean fecundity by allometric equation is 63±6.6 % higher than in the Pyrenean
high-altitude population.
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Figure 4. Regression plot of elevation (m) and female size-adjusted predicted fecundity
for female SVL from 60 to 80 mm. Symbols as in figure 2. Note that the two populations
in the species’ southern distribution limit (indicated by the black arrows) show lower
fecundities and narrow differences in fecundity between small and big frog sizes despite
their altitude. Regression equations are: for SVL = 60 mm, fecundity = 1566 e–
0.00036elevation
; SVL = 70 mm, fecundity = 1524 e–0.00045elevation; SVL = 80 mm, fecundity =
2125 e–0.00055elevation.
)HFXQGLW\WUDGHRIIVE\FOLPDWLFGDWD
Size-adjusted fecundity was not correlated with climatic variables. None of the
calculated regression models was significant after Bonferroni correction over all eight
comparisons (3 > 0.5). However, a significant negative correlation was observed
between fecundity and spatial climatic variability (linear regression models: SVL = 60
mm, r = 0.68, ) = 13.25, Q = 17, 3 < 0.005; SVL = 70 mm, r = 0.62, ) = 9.6, Q = 17, 3 <
0.01; SVL = 80 mm, r = 0.50, ) = 4.94, Q = 17, 3 < 0.05; Fig. 5). The two first models
were significant after Bonferroni correction, whereas the model for SVL = 80 mm lost its
initial significance after appplying this correction.
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Figure 5. Regression plots of the relationship between fecundity and spatial climatic
variability expressed as differences in SLP between years with an NAO index >1.0 and
those with and index <-1.0 in absolute value (mbar). Symbols as in figure 2. Model
equations are: for SVL = 60mm, fecundity = -151 diff.SLP + 1570.77; SVL = 70mm,
fecundity = -177.34 diff.SLP + 2070.57.


'LVFXVVLRQ
/DWLWXGLQDOYDULDWLRQRIUHSURGXFWLYHLQYHVWPHQW
Our analysis provides evidence for a clear curvilinear latitudinal variation of
reproductive output in 5DQD WHPSRUDULD, with reduced fecundity at the extremes of its
latitudinal range. The set of fecundity data of 5DQD WHPSRUDULD studied herein covered
almost the whole latitudinal distribution range of this species. In contrast, Joly (1991) had
no data from populations at the northern and southern limits of from altitudes >1000 m
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available for his review, thereby explaining why no clear relationship between altitude
and latitude and 5DQD WHPSRUDULD fecundity were obvious from his data set. Other
amphibians and fishes show different trends, with montane specimens being larger
(5DQD V\OYDWLFD +\OD ODELDOLV; Berven 1982, Lueddecke 2002) and producing more
(Berven 1982) or fewer (Lueddecke 2002) eggs than in low altitudes; increasing
fecundity with higher latitudes (Pacific salmon, Fleming and Gross 1990). However, the
pattern observed in Rana temporaria conspicuously agrees with that recently reported
for the great tit (3DUXV PDMRU), a widely distributed European bird species: a high
fecundity through mid latitudes and a decrease towards 40º and 70º N (Encabo HW DO.
2002). And, for the southern hemisphere, an inverse latitudinal curvilinear pattern in
fecundity was observed in 'URVRSKLODPHODQRJDVWHU (Mitrovski and Hoffmann 2001).
Our results also indicate differences in the latitudinal pattern of fecundity amongb
different frog sizes. In general, 5DQDWHPSRUDULD is characterized by a positive correlation
between maternal body length and fecundity (e.g., Kozlowska 1971, Cummings 1986,
Gibbons and McCarthy 1986, Augert 1992). By analysing the relationship between
adjusted fecundity for a given frog size, we found that all sizes showed the same
latitudinal pattern, but differences between small and big females were narrow at their
latitudinal distribution limits and wider in core areas. Two non-exclusive factors, energy
availability and physical constraints, have been suggested to explain the upper limit of
reproductive investment (Olsson and Shine 1997). Both factors may contribute to explain
the encountered pattern in5DQDWHPSRUDULD (1) A lower energy availability (by reduced
time available for feeding) may explain in part their lower fecundity in less favourable
environments at the northern and southern distribution borders. (2) The larger
differences in fecundity observed among frog sizes in favourable environments (around
the center of distribution) could be caused by a physical constraint: the potential carrying
capacity of the female body cavity. This hypothesis assumes that under favourable
conditions there is sufficient energy available to build up a large number of eggs, but
small females are constrained by their smaller body cavity and thereby produce distinctly
less eggs than larger females.

It has been suggested that in less favourable environments the maternal
investment will lead to the production of better (larger) but fewer offspring (e.g. Olsson &
Shine 1997, Ernsting & Isaaks 2000, Lüddecke 2002). For 5DQD WHPSRUDULD there is
some evidence that larvae hatched from larger eggs grow faster and metamorphose
earlier (Loman 2002). An increase of egg size and reduction of fecundity has been
reported in a local altitudinal gradient (Kozlowska 1971), and growth was faster in
tadpoles from northern latitudes as compared to more southern ones (Merilä HWDO. 2000).
However, our analyses did not reveal a general trend of increased egg size or weight
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along latitude or altitude. The largest eggs were found in the Pyrenees (2158 m a.s.l. at
the southern range limit) and in Ireland (50 m a.s.l., close to the latitudinal center). It
must be remarked, however, that the measurements summarized in Table 2 were
obtained by different researchers, and may not be independent from individual biases or
details of measurement techniques. Independent from these evaluations, there is little
doubt that egg size in 5DQD WHPSRUDULD is only a secondary determinant of fecundity,
considering the relatively small variation in egg size and weight (Tab. 2).
Our data are insufficient for clear conclusions about the influence of altitude on
fecundity of5DQDWHPSRUDULD, mainly because of the absence of high-altitude localities at
the distribution center. The lowest fecundity was found in a high-altitude population from
the Pyrenees, but also in a nearby lowland population (Arrayago and Bea 1986) the
females produce relatively few eggs. In this lowland area, the Spanish Basque country,
frogs are active throughout the year and also the breeding season is relatively extended.
One conceivable explanation for the low fecundity could be the production of multiple
clutches per year, but no evidence for this has been found so far.
The most parsimonious hypothesis therefore must assume that the fecundity in
this population is the lowest recorded for the species because of its occurrence at the
latitudinal limit and ecological parameters associated with this geographic variable.

&OLPDWLFFRUUHODWHVRIIHFXQGLW\

Kühnelt developed his "Prinzip der regionalen Stenözie" to account for the fact
that species often have very unspecific habitat choices in the center of their distribution
area whereas they are very specialized and restricted at the distribution limits (see also
Böhme 1978). This hypothesis relies on the assumption that the distribution of a species
is naturally limited by autecological and synecological factors. Such factors would
probably become increasingly influential towards the distribution limits, and could
thereby also provide unfavourable conditions causing lower fecundities.

The ecological factors most readily associated with latitude are climatic ones, but
our analysis failed to identify any correlation between fecundity and single climatic
variables. Simplistic explanations of reduced egg number by colder climates in subarctic
and alpine environments were thus not supported.

Surprisingly, the strong correlation was found with the complex variable of spatial
climatic variability, expressed as differences in SLP between years with an NAO index
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>1.0 and those with and index <-1.0 (Hurrell 1995). Which kind of negative impact this
variable may have on frog activity remains to be investigated, but in general, we can
suppose that in localities with unstable climate between years females reduce their
investment in eggs to maintain or increase their own fitness. Unpredictable climate with
sudden changes of temperature and humidity, as is found in high altitudes, may result in
the necessity of shifts in time allocation, with less time available for optimal feeding and
more time invested in assuring the vicinity of appropriate shelters. Also the availability of
food in unpredictable environments is unsteadier and may negatively influence an
optimal time allocation to feeding, breeding and hibernation. It would be highly
interesting to extend the available dataset on SLP variability standardized to sea level
(Hurrell 1995) by elevational data, to better understand also the effects of the often
extreme climatic instability at high altitudes on the reproductive output of the montane
fauna. Because the NAO influence is higher in Europe than North America (Hurrell
1995), whole range comparisons between vicariant species from the two continents will
help to understand the effects of living in geographic range distribution limits with and
without effect of NAO related climatic instability.
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3RVWPDWLQJFOXWFKSLUDF\LQIURJVDVDQHZUHSURGXFWLYHVWUDWHJ\

$EVWUDFW
Anuran amphibians exhibit a wide diversity of reproductive modes, but external
aquatic fertilization without parental care is the ancestral and most widespread strategy.
5DQD WHPSRUDULD can be included in this category, as females spawned in the water
when in amplexus with a single male, being eggs fertilized by the male in the moment of
clutch laying. The diurnal breeding behaviour showed in high altitude 5 WHPSRUDULD
populations, allowed us to observe a new reproductive strategy in this species. Nonparental males, called pirates by us, re-fertilize clutches that had previously deposited by
a couple in amplexus. The number of pirates is not limited to one, but several, and the
time to re-fertilize a clutch varied from few seconds to two hours, but usually happens
minutes after clutch laying. Stealing of a clutch in the moment of laying was reported. No
differences in size between parental and pirate males were recorded; also one parental
male was recognised as pirate after, so it does not seems that special male behavioural
roles happen in this species. By genetic paternity analyses re-fertilization process
demonstrated. Re-fertilizations by pirates supposed a higher percent of fertilization
success, and access to interior eggs seems to increase parasite fertilization rate of eggs.
By extrapolating obtained parentage values, clutch piracy supposed an overall increase
of 6.7% of fertilization rate. Most of the clutches were subjected to piracy, which is
probably linked with the high daily proportion of males during breeding season. This
strategy is new for amphibians and as far I know also for tetrapods.
5HVXPHQ

En el grupo de los anfibios anuros se pueden observar una gran diversidad de
modos reproductivos, si bien el más primitivo y también más común es la fertilización
acuática externa sin cuidado parental. 5 WHPSRUDULD se incluye dentro de esta
categoría, ya que las hembras en amplexus con un macho ponen los huevos en el
agua, los cuales son fertilizados en el momento exacto de la puesta. El patrón de
actividad diurna que presentan las poblaciones de esta especie en alta montaña durante
el periodo reproductor nos ha permitido observar una nueva estrategia reproductiva.
Machos no parentales, (“piratas”), fertilizan de nuevo puestas que fueron depositadas
previamente por una pareja. El número de piratas no se limitó a uno sinó varios, y el
tiempo empleado en el proceso varió entre escasos segundos hasta dos horas, aunque
lo normal es que ocurra minutos después de haber sido depositada la puesta. No se
han detectado diferencias de tamaño entre machos parentales y piratas; además un
macho parental se observó actuando como pirata, lo cual sugiere que no existen roles
de comportamiento reproductivo específicos en esta especie. Mediante análisis
genéticos de paternidad se demostró la existencia de re-fertilizaciones. Éstas
supusieron un mayor porcentaje de éxito de fertilización, y el acceso a los huevos de
interior de la puesta parece incrementar el éxito de los piratas. Extrapolando los valores
obtenidos con el análisis de paternidad, el pirateo de puestas supuso un incremento
global del 6.7% de éxito. La mayor parte de las puestas fueron re-fertilizadas, lo cual
probablemente está ligado a la elevada proporción de machos observada en esta
población durante el periodo reproductor. Esta estrategia es nueva para anfibios, y
hasta donde dispongo de datos también para tetrápodos.
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,QWURGXFWLRQ
The study of the strinking variety of mating systems in animals receives renewed
attention since the development of molecular techniques that permit the appraisal of
paternity and maternity (Birkhead & Parker 1997; Birkhead & Møller 1998). Multiple
paternity is prevalent in groups with internal fertilisation where it usually results from
multiple matings and subsequent sperm competition in the reproductive organs of the
female (Smith 1984; Clutton-Brock 1989; Birkhead & Møller 1992; Choe & Crespy 1997;
Gibbs & Weatherhead 2001; Olsson & Madsen 2001; Pearse & Avise 2001; Garner &
Schmidt 2003).
Sperm competition is also common in species with external fertilisation. It has
mainly been investigated in fishes that display parental care and are characterized by
alternative reproductive strategies including parasitic fertilization by "sneakers",
cuckoldry and egg piracy (Taborsky 1998, 2001, Avise et al. 2002). Multiple paternity
has also been recorded in fishes with broadcast simultaneous spawning without parental
care (e.g. Bekkevold et al. 2002), but no complex behavioural mechanisms accounting
for multiple paternity are known from these species.
Anuran amphibians exhibit a wide diversity of reproductive modes, but external
aquatic fertilization without parental care is the ancestral and most widespread strategy
(Duellman & Trueb 1986). The few instances in which multiple paternity was observed in
frogs (Byrne et al. 2002) were usually been considered as the result of polyandrous
matings (D’Orgeix & Turner 1995, Roberts et al. 1999) or as the consequence of a high
concentration of spermatozoa in the water during simultaneous spawning (Laurila &
Seppa 1998).
During recent fieldwork on the ecology and reproductive biology of a montane
population of the common frog, 5DQDWHPSRUDULD, we made observations of scrounging
males trying to re-fertilize clutches that had previously been deposited by a couple in
amplexus, the typical mode of mating fertilization. These novel observations led us to
investigate more closely the genetic and behavioural mating system of these frogs,
combining field observations, experimental rearing of clutches and paternity
assessments through paternity analysis. Our results indicate that post-mating clutch
piracy may increase the fertilisation success in this species, providing insights into a
unique and intriguing reproductive design.
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&OXWFKVDPSOLQJ

A population of 5DQDWHPSRUDULD in a medium-sized pond was monitored in 20012003 during the breeding periods at the Circo de Piedrafita area, central Pyrenees,
Spain (42º 49’ N, 0º 17’ W). This glacial plateau is situated at an altitude of ca. 2200 m
above sea level and has been described in detail elsewhere (Vences 2000, 2002).
Breeding in this area occurs approximately between late May and mid June and
takes place exclusively at daytime (Fig. 1). Frogs gather in the pond, and males clasp
the females in axillary amplexus. The couple usually spawns one clutch, which is a large
spherical mass of eggs, each surrounded by a jelly capsules. This is the typical
spawning behaviour and mating system for a big number of anuran species.

Figure 1. Temporal daily pattern of spawning over the entire breeding period in 2001.
Bars indicate the percent of clutches deposited at a certain time. Hours of permanent
observation are shaded with grey. No nocturnal spawning occurred as verified by clutch
counts at each morning.
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In 2001 two researchers surveyed the reproductive behaviour during the whole
breeding period of two weeks permanently between 8-19 h. We counted the daily
number of males, females, couples in amplexus, time of spawning and number of
clutches laid. The daily operational sex ratio (OSR) was calculated as the relative
number of fertilisable females per sexually active males (Elmberg 1990).
Upon observation of spawning, clutches were observed for one hour and refertilization attempts, here termed clutch piracy, recorded. Subsequently the parentals
and all pirates were captured, measured and sampled for tissue by toe-clipping. Per
clutch, a minimum of 15 eggs (about 4-5% of the total) was collected: equal number of
eggs from the upper side, lower side and from the interior of the clutch. Altogether
samples were available from 22 clutches (18.5% of the total of clutches in the pond); five
of these were discarded because the female could not be captured. All tissue samples
were preserved in 99% ethanol.



%HKDYLRXUDOREVHUYDWLRQVDQGFOXWFKEUHHGLQJ

Fieldwork in 2002 followed the scheme of the previous year but was limited to
observations in order to avoid disturbances. For each clutch we counted the number of
pirate males attempting to re-fertilise it. The time that the parental male and pirates spent
in contact with the clutch was recorded with a digital chronometer, except for cases of
simultaneous re-fertilisation by larger numbers of pirates in which the time had to be
calculated for the whole group. We also recorded whether clutches were re-fertilised
from above or below by the pirates, and whether they gained access to the interior of the
clutch. Behaviours were documented by digital images and videos.
Fifty-five clutches were brought to the laboratory, less than 1 km from the study
pond, one hour after having been laid. 30 of these clutches had been isolated from
parasites immediately after spawning and were used as controls. The clutches were
reared to developmental stage 25 (Gosner 1960) in small aquaria (22x18x15 cm) inside
the lab, in order to preserve them from direct UV-B radiation that could be a cause of
egg mortality. Light period in the laboratory was 17:7 L:D, similar as in the field. Fertilised
and viable eggs, eggs dead on deposition, infertile eggs and eggs with developmental
failures were recorded for each clutch (Banks & Beebee 1988).
'1$H[WUDFWLRQ
For DNA extraction, about two square mm of tissue sample or whole eggs
without jelly capsule were used. After alcohol drying, muscle tissue was transferred to a
1.5 ml Eppendorf tube with 330 µL of extraction buffer (Tris 1M pH 8, NaCl 5M, EDTA
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0,5M pH 8), 80 µL 10% SDS and 10 µL Proteinase K (10 mg/mL; Boehringer Mannheim,
Germany). After vortexing for five seconds, samples were incubated at 55ºC until
complete digestion of the tissue (about two hours). Some samples, in which nondigested tissue was still present, were incubated at 37ºC overnight. After incubation, the
whole volume was centrifuged for five minutes at 13000 rpm, the supernatant transferred
to a new tube and 180 µl NaCl (5 M) added. After vortexing for five seconds, the
centrifugation step (5 minutes at 13000 rpm) was repeated, the supernatant quickly
pipetted into a new tube, and 420 µl cooled isopropanol added. The centrifugation (5
minutes at 13000 rpm) was repeated and the supernatant discarded. 250 µl of 80%
ethanol was added and removed after vortexing. This washing step was repeated and
ethanol completely removed. The DNA pellet was dried at room temperature and
dissolved in 200 µL TE buffer (10mM Tris-HCl, 1mM EDTA, pH 8). DNA templates were
preserved at –20º C.
6HOHFWLRQDQGDQDO\VLVRIPLFURVDWHOOLWHV
We tested a set of microsatellite primers that had been specifically developed for
5DQD WHPSRUDULD and related species, pre-selecting the loci with the most potential
alleles: 5W8 and 5W8 (Berlin et al. 2000); 5WHPS and 5WHPS, 5WHPS and
5WHPS (Rowe & Beebee 2001); 5W% and 5W2 (Pidancier et al. 2002); and 5(&$/4
and 5& (Vos et al. 2001). The paternity analysis was based on five loci (5W8
5W8, 5WHPS, 5WHPS and 5WE), which gave successful amplifications in all
samples and showed a sufficient degree of polymorphism to determine paternity
unambiguously.
Polymerase chain reaction (PCR) was performed in 20 µL volumes, using one
unit of REDTaq DNA Polymerase (Sigma, Germany), 20 pmol each of one dye-labelled
and one unlabelled primer (MWG-Biotech AG, Germany), 25 nmol dNTPs (Peqlab
Biotechnologie, Germany), 50 nmol of additional MgCl2, 2 microliters of REDTaq PCR
Reaction Buffer (Sigma, Germany) and 2 µL total DNA. PCRs were run in a Geneamp
PCR system 9700 (ABI) cycler, following specific cycling protocols from the original
references. After PCR, 1 µL of PCR product was added to 10 µL HPLC water and 0.125
µL of GeneScan 500 ROX size standard (Perkin-Elmer), and fragments resolved in an
ABI 3100 capillary sequencer. Genotyper 3.7 (Perkin-Elmer) facilitated correct sizing of
the fragments. Observed and expected heterozygosity and allele frequency for each
locus were calculated for all the adult population with Cervus 2.0 software (Marshall et
al. 1998).

56

Chapter 4: 3RVWPDWLQJFOXWFKSLUDF\

Figure 2. Photographs of clutch piracy in 5DQD WHPSRUDULD. The male clasps a freshly
laid clutch and curves his body over the clutch while re-fertilizing it. The upper picture (a)
shows a male that has crawled into the clutch to gain access to the interior eggs. The
male in the lower picture (b) had clasped the clutch in the moment of spawning, while the
parental male was still releasing his sperm; in this case, 95% of the genotyped eggs had
been fertilized by the pirate male.
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Data of a total of 319 eggs from 16 clutches were available for molecular analysis
of paternity. The probability of detecting a multiple mating (3U'0) increases with the
number of loci, locus polymorphism, number of offspring analysed per clutch, and
number of specimens genetically contributing to clutch paternity (Neff & Pitcher 2002).
We employed allele frequency data to calculate this variable in our population using the
software developed by Neff & Pitcher (2002). This program calculates the 3U'0 using
(1) the number of loci, (2) number of alleles at each locus and their population
frequencies, (3) the number of sires contributing to a multiple mated clutch and (4) their
reproductive skew. Although the number of observed potential sires in our population
ranged between 1-17, we employed a conservative scenario of only two sires, one with
the mean parental fertilisation success (0.73) and the other with the rest (0.27). The
genotype of the parents was not specified in order to calculate the mean 3U'0 for the
population (Neff & Pitcher 2002). We run ten replicates of the analysis for 15 offspring
samples and calculated mean 3U'0.
5HVXOWV

&KDUDFWHUL]DWLRQRIWKHVWXG\SRSXODWLRQ
5DQD WHPSRUDULD is an explosive breeder. In 2001 the breeding period started
immediately after melting of the ice crust that covered the study pond. 119 females
spawned and the population of males was estimated at ca. 250. Hence, the overall sex
ratio in the breeding population was 0.48, but only a fraction of the females arrived each
day at the pond. This resulted in very low and highly variable daily operational sex ratios
(0.07-0.20 fertilisable females per sexually active male; mean = 0.13±0.04). Male density
in the spawning place ranged from 0.40-4.17 males/m2 (mean = 1.99±1.02 males/m2),
male SVL was 54-76.5 mm (mean= 65.8±4.6 mm), female SVL was 58.5-78.5 mm
(mean= 68.7±5.2 mm). Females were significantly larger (844,19 = 276.5, 3 < 0.05).
Pooling data from the three breeding seasons from 2001 to 2003, the relationship
between parental sizes was significant (Spearman rank correlation, U = 0.50, 3 < 0.001,
Q = 48), indicating size-assortive mating (see Fig. 5).
5HSURGXFWLYHEHKDYLRXU
As typical for 5DQDWHPSRUDULD (Arak 1982, Elmberg 1987, Elmberg & Lundberg
1991) males became active earlier than females and started calling inside the water. In
each of the three study years they concentrated in a specific part of the pond where all
clutches were eventually laid. Breeding was exclusively diurnal (Fig.1). Females arriving
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at the pond were approached and sometimes clasped by several males, but they only
spawned when in amplexus with a single male, often after hours or days selecting an
calm egg deposition site. Spawning took place in shallow waters close to the shore and
usually was completed in less than one minute (mean= 45.3±9.8 s). During the process
of spawning, the parental male deposited his sperm, which reached the clutch from
above. Parents left their clutches immediately after egg deposition. Clutches increased
their volume by hydration within a few hours.
Different variants of clutch piracy were observed frequently (Fig. 3). Couples in
amplexus, during their search for egg deposition sites were often followed by one or
several sneaking males. After eggs had been deposited and the parents had left, these
pirates clasped the clutch and started to re-fertilise it (Fig. 2), usually between few
seconds and few minutes after the deposition. Usually clutches were clasped from above
but sometimes from below. In numerous cases the pirates crawled into the spherical
clutch, digging with their forearms, and then started to re-fertilise the interior eggs. In one
case a clutch was clasped and torn away from the parents at the moment of spawning,
even before it could be reached by the sperm of the parental male. In this case the
parasite had an exceptionally high fertilisation success (see below). In other cases clutch
piracy was not performed by sneaking males that followed the breeding couple, but by
single males or groups performing active searches in the pond. When such a group
located a freshly laid clutch, they performed scramble-competition to re-fertilize it.
Altogether, piracy was recorded for 84% of the clutches, by 1-16 males (mean= 5±4; Fig.
4). In 44.5% of the overall clutches the pirates crawled into the clutch and also gained
access to the interior eggs. They spent 35-387 s re-fertilising a clutch (mean = 96.4±105
s). Piracy took place between seconds after the clutches were laid and one to two hours
after deposition of the eggs. No significant differences were found among SVL of
parental males, clutch pirates, or the total male population (3 > 0.05 in all U-test
comparisons). In at least one case we observed a male that had spawned in amplexus
with a female performing clutch piracy a one day later.
)HUWLOL]DWLRQVXFFHVV
The percent of fertilized eggs per clutch was 19.2-95.7% in those clutches
fertilized only by the parental male (Q = 31) and 57.8-99.3% in those exposed to clutch
piracy (Q = 25). Mean and median percent of success was higher in parasited clutches
(Fig. 6) but these differences were not significant (831,12 = 308, 3 = 0.19). However,
clutches in which the pirate accessed the interior eggs had a significantly higher
fertilisation rate as compared to those without interior acces (813,12 = 12.5, 3 < 0.001),
and to those not exposed to clutch piracy (831,12 = 80, 3 < 0.005).
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3DWHUQLW\DQDO\VLV
The mean probability of detecting a multiple mating (3U'0) as calculated from
our data was high (0.981±4E-04), indicating that the five highly polymorphic loci
analysed were sufficient to detect multiple paternity in our population.
Table 1 summarizes number of alleles, expected and observed heterozygosity for
the microsatellite loci studied. The molecular markers detected successful fertilization by
clutch pirates in seven (41%) of the 17 genotyped clutches. The percent of eggs per
clutch fertilized through clutch piracy ranged from 0 to 100% (mean = 26.1±36.2). Of the
total of 319 embryos analysed, 77 (24.1%) had resulted from fertilisation by pirate males.
In the seven clutches with successful piracy, the average fertilization success of the
pirates was higher than that of the parental male (63 vs. 37%). The second highest
piracy success (95%) corresponds to one clutch clasped and carried away by the pirate
while the parental male was still releasing his sperm, whereas the highest success
(100%) corresponds to an event of clutch piracy that occurred one minute after
spawning.
Heterozygosity
Locus

Primer sequence (5’ - 3’)

5W8
GGCTTCAAAGTAGAATAAAG

AATCTTTTCCTTACTGTA
5W8
GCATTATTACAGCATTCTGGAT

TTAATGGCTTGGATAGATTTACC
5WHPS TCATGCAGGCAATCA

AGAACCGCTGGTGTCCCAAC
5WHPS TCTTCTTTACATATATATGGATG

CCTAGTTGGGGATTGGTCAG
5WE
AAAGACAGACGGATTCCCCATTCA

GGTTGTAGTGTCAAGTTTTCAGAG

No. of
alleles
8

Q

Obs.

Exp.

57

0.719

0.739 Berlin et al, 2000

12

58

0.914

0.804 Berlin et al, 2000

5

58

0.759

0.642 Rowe & Beebee, 2001

10

58

0.603

0.763 Rowe & Beebee, 2001

16

57

0.877

0.851 Pidancier et al 2002

Reference

Table 1. Microsatellite loci employed, primer sequences, number of alleles observed in
the population, and number of adult specimens genotyped. Observed and expected
heterozygosities for the adult population are also shown.
Figure 3. Schematic representation of alternative mating strategies in 5DQDWHPSRUDULD.
(a) Classical reproduction; a male clasps a female, and the couple separates after egg
deposition. (b) A sneaking male “pirate” follows the amplecting couple, and performs
clutch piracy after spawning is completed. (c) One or several pirate males swim around
searching for freshly laid clutches and attempt to re-fertilise them, with or without
crawling into the clutches to gain access to interior eggs. (d) A pirate male clasps a
clutch in the moment of spawning, carries it away and fertilizes it.

60

Chapter 4: 3RVWPDWLQJFOXWFKSLUDF\

Chapter 4: 3RVWPDWLQJFOXWFKSLUDF\

61

In four out of the seven clutches in which multiple paternity was detected, the full
piracy success can be assigned to the first pirate arriving at the clutch. In the other three
clutches, other or several pirates succeeded in fertilizing parts of the clutch. There were
no significant differences between percentages of eggs fertilized through clutch piracy in
the upper, lower and interior parts of the clutches (8 tests; S> 0.5).
Since 84% of the overall clutches were subjected to piracy (see above), and
piracy resulted in successful fertilization in 44% of the clutches analysed, it can be
extrapolated that in 37% of all clutches at least some eggs were fertilized by clutch
pirates.
Considering that clutches in which the pirates gained access to the interior eggs
had a fertilization success significantly higher than in clutches not subjected to piracy (an
increment of 15.1% fertilization success), and extrapolating this to the whole population
in which 44.5% of the clutches were exposed to parasites in their interior, the
extrapolated overall increment of fertilization rate by clutch piracy was at least 6.7%.


Figure 4. Frequency of clutch piracy and number of pirate males that attempted
to re-fertilize a clutch. Only a minor proportion of clutches (16%) were not exposed to
piracy (grey bar).
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Figure 5. Scatterplot and linear regression line of the relationship between snout-vent
length of males and females in amplexus. The correlation was significant () = 14.563, df
= 47, 3 < 0.001), indicating size-assortive mating.



Figure 6. Fertilisation success as percent of fertilised eggs per clutch in clutches not
exposed (grey) and exposed to clutch piracy (black). Overall differences were not
significant, but among clutches exposed to piracy, those in which pirates gained access
to interior eggs had a significantly higher success of fertilization.
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'LVFXVVLRQ
According to our data, clutch piracy is a common phenomenon in the Circo de
Piedrafita population of 5DQD WHPSRUDULD. Multiple paternity has been demonstrated in
another population of this frog through allozyme analysis of tadpole kin groups (Laurila &
Seppa 1998), but these observations were seen as consequence of high spermatozoan
concentration in the water during simultaneous breeding, but mating behaviour was not
observed. It is probable that clutch piracy is common in 5 WHPSRUDULD and other frogs
with similar reproductive mode and clutch structure but went unnoticed so far because
these species usually spawn at night (e.g. Elmberg 1990, Elmberg & Lundberg 1991,
Laurila & Seppa 1998). The diurnal spawning at high altitudes therefore provided an
exceptional occasion to observe this novel mating behaviour.
Furthermore, the operational sex ratio (OSR) in the study population was
extremely biased during several days of the peak of the breeding period, with up to 10
males for each female. Higher values of OSR (lower proportions of males) are common
in other populations of5WHPSRUDULD(Arak 1982, Elmberg 1990, 1991) and may lead to
lower frequencies of clutch piracy.
OSR is also main determinant of the opportunity for sexual selection (Andersson
1994). In some anurans, male-biased sex ratios have been observed to be correlated
with a stronger incidence of sexual selection (Arak 1983, Höglund 1989). In 5
WHPSRUDULD random mating occurs with high OSR (Elmberg 1990, 1991), while sizeassortative mating has been reported with higher male proportions (Arak 1982, Elmberg
1991), in agreement with our observations (Fig. 5). Whether size-assortative mating in
this species is actually a form of female choice (Duellman & Trueb 1986), or simply a
consequence of a "best fit" of similarly sized males and females during amplexus needs
to be investigated further. It might be true that females actively choose similarly sized
males, but due to the high incidence of clutch piracy they certainly have only partial
control over the sires that fertilize their eggs.
The behavioural patterns described here for 5WHPSRUDULD are unique in several
respects. We are not aware of any other instance of multiple paternity caused by
complex post-mating clutch piracy (see Avise et al. 2002). Among frogs, we provide the
first observation of an active post-mating strategy focused towards clutches and eggs
rather than females. Multiple paternity in frogs so far has usually been attributed to group
spawning and simultaneous mating with several males (D’Orgeix & Turner 1995,
Roberts et al. 1999; Byrne et al. 2002), and has been demonstrated to be associated
with reduced fertilization success (Byrne & Roberts 1999, 2000). In contrast, 5
WHPSRUDULD females only spawned under undisturbed conditions in amplexus with a

64

Chapter 4: 3RVWPDWLQJFOXWFKSLUDF\

single male, and the re-fertilization by clutch pirates resulted in an increased fertilization
success.
Fish species with parental care of offspring are certainly the group with most
examples of complex routes to parasitic parentage (Avise et al. 2002). Nevertheless,
also in this group the behavioural phenomena reported herein are unprecedented. Egg
piracy is known (e.g. Rico et al. 1992; Jones et al. 1998) but refers to eggs fertilized by
other males that are stored in the pirate’s nest, possibly to attract females, distract
predators, or as food (Avise et al. 2002). The many examples of brood parasitism refer
to furtive participation in fertilization during the spawning procedure, but not to active refertilization attempts after completion of mating.
The absence of morphological differences between pirates and males in
amplexus is a further remarkable feature of the mating system of 5WHPSRUDULD. In many
instances of multiple mating in fishes, different strategies are associated with different
body sizes, the "bourgeois" males or territory holders being parasitised by smaller
sneakers or satellites (Taborsky 1998, 2001). In contrast, 5DQD WHPSRUDULD males
apparently are able to opportunistically choose among mating strategies, as evidenced
by at least one observation of a pirate male that little earlier had spawned in amplexus
with a female.
Reproduction of 5DQDWHPSRUDULD is known to be characterized by a considerable
variation in fertilization rate (5-100%; Gibbons & McCarthy 1986; Elmberg 1991), which
is in agreement with our observations. Clutch piracy appears to contribute to increase
overall fertilization success. It may therefore provide important benefits both for
individual males and females beyond the purely genetic benefits from enhanced genetic
diversity (e.g., Byrne & Roberts 2000; Garner & Schmidt 2003). Post-mating clutch
piracy of frogs is therefore not only an intriguing and novel mating strategy for
vertebrates. From an evolutionary perspective, it may well have been a key factor that
contributed to shape the striking diversity in clutch form and reproductive behaviour
among anurans.
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7KH&DPEDOqVIDLU\WDOHHOHYDWLRQDOOLPLWVRI5DQDWHPSRUDULD $PSKLELD5DQLGDH 
DQGRWKHU(XURSHDQDPSKLELDQVUHYLVLWHG

$EVWUDFW
The highest altitude recorded for an amphibian in Europe (west of the Caucasus)
is 2965 m. It refers to the "lacs de Cambalès" according to an old reference. However,
these lakes are all situated below 2600 m, while the altitude corresponds exactly to that
of the summit of the Pic de Cambalès. We undertook an almost complete survey of
ponds in a 2.5 km radius from the Cambalès peak, and complemented these data by
fieldwork in a larger portion of the Central Pyrenees. Based on our observations in a total
of 325 lakes and ponds we conclude that no water bodies above 2800 m exist in the
Cambalès area, and that no water bodies above 2600 m are populated by 5DQD
WHPSRUDULD. The highest amphibian record was that of a single 5WHPSRUDULD specimen
at 2569 m, while the highest reproducing population was found at 2516 m. Highest
records of other amphibians were 2516 m ($O\WHV REVWHWULFDQV), 2160 m (%XIR EXIR),
2259 m ((XSURFWXVDVSHU), and 2142 m (6DODPDQGUDVDODPDQGUD). The presence of icefree water bodies during a sufficient amount of time for larval development is probably
the limiting factor for elevational distribution of Pyrenean amphibians, and the adequate
conditions are usually not met above 2500 m in this massif. In contrast, in the Alps,
ponds at higher altitudes are often protected by much higher surrounding peaks, which
leads to higher elevational occurrence of amphibians. The Italian Laghi di Tre Becchi (up
to 2742 m) are therefore the highest locality of a reproducing anuran population in
Europe west of the Caucasus.
5HVXPHQ
La cita de mayor altitud para un anfibio en Europa (al oeste del Cáucaso) es de
2965 m. Se refiere a los lagos de Cambalès de acuerdo a una antigua cita. Sin
embargo, esos lagos se encuentran situados a una altitud por debajo de los 2600 m,
mientras que la citada altitud corresponde exactamente a la de la cumbre del Pico de
Cambalès. Se ha llevado a cabo un muestreo sistemático de todas las charcas y lagos
en un radio de 2,5 km alrededor del Pico de Cambalès, complementándolo con datos de
campo de gran parte del Pirineo Central. De acuerdo con nuestras observaciones, sobre
un total de 325 lagos y charcas, podemos concluir que no existen masas de agua por
encima de 2800 m en el área de Cambalès, y que 5DQDWHPSRUDULD no se encuentra en
lagos por encima de 2600 m. La cita de mayor altitud se corresponde con un individuo
observado a 2569 m, mientras que el lago de mayor altitud en el que se ha observado la
reproducción de la especie se encuentra a 2516 m. Las citas de mayor altitud para otras
especies de anfibios fueron: 2516 m ($O\WHVREVWHWULFDQV), 2160 m (%XIREXIR), 2259 m
((XSURFWXV DVSHU), y 2142 m (6DODPDQGUD VDODPDQGUD). El factor limitante para la
distribución altitudinal de Rana temporaria en el Pirineo es probablemente la presencia
de masas de agua libres de hielo durante el suficiente tiempo para que se complete el
desarrollo larvario. Esas condiciones no se suelen encontrar por encima de 2500 m en
este macizo. En contraste, en los Alpes, existen citas de anfibios a mayores altitudes,
probablemente porque las charcas de gran altitud están con frecuencia más protegidas
por picos más altos. El lago italiano Laghi di Tre Becchi (2742m) es la localidad de
mayor altitud en la que existe reproducción de anuros en Europa.
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The common frog (5DQD WHPSRUDULD) is one of the European amphibians of
largest altitudinal tolerance. It occurs near sea level as well as in alpine environments at
high elevations in the Alps and Pyrenees (Grossenbacher 1997b), where it often forms
large populations in glacial lakes (Vences HW DO. 1999). Its climatic plasticity is also
evident from the fact that, as only amphibian species, it reaches the North Cape
(Grossenbacher 1997b).
5DQD WHPSRUDULD is one of the most important amphibian model organisms in
different fields of biology. An impressive number of old publications dealing with this
species are listed by Grossenbacher HWDO. (1988); the database of the National Library of
Medicine of the USA lists 4200 entries (as of July 2002). Despite this large number of
publications, some basic natural history data on 5WHPSRUDULD are still lacking (Dubois
1982a). Among these is its altitudinal limit in montane areas. Assessment of the
ecological limits of this frog is an important prerequisite for comparative studies on its
adaptive plasticity in morphological and natural history traits (e.g., Balcells 1975, Brand
and Grossenbacher 1979, Miaud HWDO. 1999, Merilä HWDO. 2000, Vences HWDO. 2002).
The highest altitude for the species is based on Beck (1943) who reported the
species from the "lac de Cambalès (2965 m) où elle a été capturée par M. de Bonnal."
Consequently, the elevational limit of 5DQDWHPSRUDULD is given as 2950 m (Barbadillo HW
DO. 1999, Esteban 1997), 2965 m (García - Paris 1985), 2800 m (Martinez - Rica 1979)
or 3000 m (Nöllert & Nöllert 1992). According to available maps, the "Lacs de Cambalès"
are located north of the "Pic de Cambalès" (Pico de Cambalès), a mountain peak at the
Spanish-French border in the Central Pyrenees.
During long-term studies on 5DQD WHPSRUDULD in the Circo de Piedrafita area,
west of the Cambalès peak, we also surveyed this massif and its surroundings. As we
noted that no habitats suited for the species were present on the Cambalès summit, we
decided to carry out more systematic fieldwork in this area. In the present paper we (a)
provide detailed data for a region 2.5 km around the Cambalès peak, demonstrating that
no breeding populations of the common frog occur above 2516 m in this area and (b)
report on the altitudinal distribution of the species in a larger sample of ponds from the
Central Pyrenees. We thereby provide basic data to understand the factors that
constrain the occurrence of this frog species at higher elevations.
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Field work was carried out between 1998 and 2001 in an area encompassing a
circular radius of 2.5 km around the Pic de Cambalès summit (Fig. 1). In this area, M.
Vences , M. Puente and D.R.Vieites tried to localize all ponds potentially suited for 5DQD
WHPSRUDULD using topographic maps (Anonymous 1996, 2000). All these ponds were
surveyed at least once in July 2001 when generally adults and tadpoles are easily
recorded (Vences HWDO. 1999). Most localities between 2000 and 2300 m altitude were
also surveyed in May and/or June 2001. Coordinates and altitudes of ponds were
assessed both from maps and aerial photographs and from GPS readings LQVLWX. A large
number of additional ponds not included in the maps were also encountered and are
included in the survey.



Figure 1. Map of the study area around the Cambalès peak. The circle marks the area in
a radius of 2.5 km around the Pic de Cambalès that was intensively surveyed. Black
marks water bodies. Altitudinal levels (given only within the circle): light grey marks
altitudes above 2700 m, dark grey above 2800 m, darkest grey above 2900 m.
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To gather data on the altitudinal distribution of 5DQD WHPSRUDULD in a more
representative portion of the Pyrenees, A. Palanca surveyed lakes and ponds in the
central part of the Parc National des Pyrenées in France during July 2001, within an area
of ca. 450 square km and located between 0°12'E and 0°30'W, and between 42°43'N
and 42°45'N in the west and between 42°50'N and 42°52'N in the east. The study area
included the lakes of Barraude, Troumouse, Especiérès, Montferrat, Estom y Oulettes de
Estom, Arratille, La Claou, roughly located north and northwest of Cambalès; and
Batcrabére, Arrémoulit, Ayous, Peyreget, Pombie, roughly located east of Cambalès. A
complete list of the water bodies surveyed is available by the authors on request.
For each pond, we recorded the presence or absence of 5DQDWHPSRUDULD, and
assessed reproduction of the species (by presence of reproducing adults, spawn or
tadpoles). We also recorded a large number of additional environmental parameters,
which will be subjected to analysis in forthcoming works.
Statistical analysis was carried out with SPSS for windows, version 10. Logistic
regression curves were drawn using the Statgraphics Plus 2.1 software package.






Figure 2. High-altitude localities in the Cambalès region. Left: View from the descent
from the Col de Cambalès towards the lacs de Cambalès; the arrow points to the highest
Cambalès lake (ID 130 in the appendix; 2578 m) on 21 July 2001 which was largely
covered by ice and not populated by 5DQDWHPSRUDULD Right: upper Ibón de la Facha,
(2516 m), highest site with ascertained reproduction of 5 WHPSRUDULD and $
REVWHWULFDQV; 23 July 2001.
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5HVXOWV
Our survey yielded data on a total of 137 ponds and lakes in a radius of 2.5 km of
the Cambalès peak. The majority of these (83) were located in the Circo de Piedrafita, in
an area encompassing the Campoplano plain and the Respomuso lake. 20 sites were in
the area of the Lacs de Cambalès, Lacs de Opale and Lacs de Costalade. Six sites were
in the area of the Lacs de la Fache, east of the Col de la Fache, 12 sites were in the
area of the Ibones de la Facha and the western slopes of the Campoplano peak, 10 sites
on the northern slopes of the Grande Fache and Llenacantal peaks, and six sites in the
Lac de Remoulis area. The only larger water bodies not surveyed by us were the Lacs
de Houns de Heche and the limital Lacs de Bernat Barrau and Ibones de Pezico.
The highest record of 5 WHPSRUDULD in this area was one specimen captured
above the Ibones de la Facha at 42°48'
59'
'
N, 0°14'
49'
'
W, at 2569 m (specimen found in
a terrestrial habitat; locality therefore not included in appendix). The highest reproducing
population was the one from the upper Ibón de la Facha at 2516 m (erroneously given
as 2700 m by Vences HW DO. 1999). At this site (see appendix for coordinates) we also
observed calling specimens in 2001 and large (probably overwintering) tadpoles of
$O\WHVREVWHWULFDQV in 1998 and 2000.
The Lacs de Cambalès are located in a valley northeast of the Cambalès peak.
This complex includes a number of lakes and ponds as high as 2590 m which, however,
on 21 July 2001 were still almost completely covered by ice. Despite intensive searches,
no amphibians were found in this area above 2400 m, while ponds and lakes below this
limit often were populated by 5DQD WHPSRUDULD. Reproduction could be ascertained
mostly in smaller ponds, and only limited numbers of frogs were seen along the shore of
the large lakes, which harboured important numbers of fishes (6DOPR WUXWWD IDULR and
3KR[LQXVSKR[LQXV). The elevation of the Cambalès summit itself is 2968 m according to
topographic maps and 2964 m according to our own GPS readings; the way to the
summit was largely covered by snow at the end of July 2001. In 2000, we climbed the
peak (GPS reading: 42°49'
25'
'
N, 0°14'
36'
'
W) and ascertained that no water bodies were
present on the summit or at altitudes above 2800 m in the area.
Considering all 137 ponds within the 2.5 km radius around the Cambalès peak,
the highest incidence (100%) of 5DQD WHPSRUDULD was found at an altitudinal level
between 2300 and 2400 m, while more than 30% of the ponds were populated at all
levels between 2400 and 2500 m. Only two out of eight sites above 2500 m were
populated, and the three sites above 2600 m were not populated (Fig. 3). A similar
situation was found regarding reproductive activity, which was recorded in only one pond
above 2500 m (upper Ibón de la Facha). The predictive values of a logistic regression
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analysis reached zero at altitude values between 2700 and 2800 m, both for presence
and reproduction of 5WHPSRUDULD (Fig. 3, Table 1).


Figure 3. Presence and ascertained reproduction of 5DQD WHPSRUDULD in ponds in the
survey area within a 2.5 km radius around the Cambalès peak (left graphs) and in a
wider area of the Central Pyrenees excluding the Cambalès region (right graphs). Black
bars mark the percentage of ponds and lakes in which 5DQDWHPSRUDULD was recorded
(upper graphs) or in which reproduction of the species was ascertained (lower graphs) at
different altitudinal levels. Numbers above bars mark the total number of studied pond at
the respective elevational level.

Beside the Cambalès surroundings we surveyed a total of 188 ponds in the
Central Pyrenees. As a general trend (Fig. 3), the lowest proportion of ponds with
presence of 5 WHPSRUDULD or with ascertained reproduction corresponded to those
between 2400 and 2500 m, while no frogs were observed above 2500 m. The highest
record both of presence and reproduction was at the Lacs d'
Estom at 2492 m
(42°47'
00'
'
N, 0°05'
02'
'
W). The predictive values of a logistic regression analysis reached
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zero at altitude values between 2800 and 2900 m, both for presence and reproduction of
5WHPSRUDULD (Fig. 3, Table 1).
The highest records of reproducing amphibian populations in the area surveyed
were 5WHPSRUDULD and $REVWHWULFDQV in the Ibones de la Facha, above 2500 m. Other
maximum elevations of amphibians were as follows: (XSURFWXVDVSHU, 2259 m (Circo de
Piedrafita; 42°49'
03'
'
N, 0°16'
43'
'
W); 6DODPDQGUD VDODPDQGUD, 2142 m (Circo de
Piedrafita; 42°48'
52'
'
N, 0°16'
55'
'
W); %XIREXIR, 2160 m (Circo de Piedrafita; 42°48'
58'
'
N,
0°16'
05'
'
W).

-74.59
± 80.58

Central
Pyrenees
presence
-33.60
± 52.35

Central
Pyrenees
reproduction
-33.79
± 53.33

0.1066
± 0.0671

0.0691
± 0.0704

0.0351
± 0.0463

0.0329
± 0.0473

-0.000024
± 0.000015

-0.000016
± 0.000015

-0.000009
± 0.000010

-0.000008
± 0.000011

Cambalès area
presence

Cambalès area
reproduction

Constant

-117.55
± 76.92

a
b

Table 1. Coefficients and their standard errors from logistic regression analyses of
presence and ascertained reproduction of 5DQD WHPSRUDULD in ponds within a 2.5 km
radius around the Cambalès peak and in a wider area of the Central Pyrenees excluding
the Cambalès region (for the logistic regression formula: presence = exp (eta) /
(1+exp(eta)), with eta = constant + a*altitude - b*altitude^2).


During our surveys, we also made observations on the reproductive period of 5
WHPSRUDULD at different elevations. In 2001, egg deposition at 2100-2200 m altitude took
place between late May and mid-June, while between 2400 and 2500 m fresh clutches
were found in July. At the upper Ibón de la Facha we observed diurnal calling activity
and very recent clutches on 23 July 2001. No older clutches or tadpoles were seen,
indicating that reproduction had just started. In contrast, in the warmer years 1998 and
2000, we found relatively small tadpoles at this site in mid-July. In one other high-altitude
pond (42°48'
32'
'
N, 0°15'
29'
'
W; 2491 m) we recorded, in July 2001, a large number of
dead tadpoles in late developmental stages (partly with developed forelimbs) at places
where the thick ice cover was melting. Nearby, fresh clutches were found, indicating that
the dead tadpoles were remains from the previous year and died by freezing before
completion of metamorphosis. No juvenile frogs were found at any site above 2450 m
while they were common between 2100-2300 m.
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In the present paper we give results from the most complete amphibian survey so
far carried out at high altitudes in the central Pyrenees. We failed to find 5DQD
WHPSRUDULD or any other amphibian at elevations higher than 2600 m, and did not
observe any reproducing amphibian population above 2500 m. There is overwhelming
evidence that the highest record of a frog species in Europe west of the Caucasus, 2965
m at the Cambalès lake according to Beck (1943), is actually based on a mistake: (a) no
lake exists at this altitude in at least a 2.5 km radius around the Pic de Cambalès; (b) the
altitude corresponds perfectly to the summit of the Cambalès peak but not to the lake
system denominated "Lacs de Cambalès" on recent maps; (c) despite intensive surveys,
no amphibians were found above 2600 m in the region. This also implies that the record
at 2700 m in the "Puerto de Piedrafita" by Esteban (1997) does not refer to a breeding
population.
The data of Beck (1943) were based largely on personal communications. At the
end of his paper he acknowledged "M. le comte de Bonnal, de Montgaillard, qui a bien
voulu me faire profiter de ses remarquables notes de chasse et de sa connaissance
approfondie de notre région". Thus, the occurrence of 5DQDWHPSRUDULD at 2965 m at "lac
de Cambalès", based on a record of M. de Bonnal, most probably originated because in
the field notes of that observer the altitude of the Pic de Cambalès was erroneously
given as altitude for the lac(s) de Cambalès. A similar rationale applies to the highest
record of the newt Euproctus asper, which is given as "Pic de Cambalès (2965 m)" in
Beck (1943). We confirm the view of Clergue - Gazeau (1999) and Martínez - Rica
(1997) that this record is a confusion with the Cambalès lakes, which are at much lower
altitudes.
Besides defining the altitudinal limit of 5DQDWHPSRUDULD in the Pyrenees, our data
also bear relevance for other amphibians. So, the highest record of the midwife toad
($O\WHV REVWHWULFDQV) was up to now 2400 m (Grossenbacher 1997a, Barbadillo HW DO.
1999) and is based on the finding by Angelier & Angelier (1964) of a reproducing
population in the Gourg de Rabas, a small lake above the Aumar plateau in the Massif
de Néouvielle. The population still exists (K. Grossenbacher, 13 July 2000), but is
endangered by introduced trout (6DOPRWUXWWDIDULR). On the same excursion in July 2000,
K. Grossenbacher found few young larvae and an egg clutch of $O\WHVREVWHWULFDQV in a
small pond above the Gourg de Rabas at 2490 m altitude.
The reproducing population of $REVWHWULFDQV above 2500 m in the Ibones de la
Facha therefore is the highest current record for the whole genus $O\WHV (see Barbadillo
HWDO. 1999). Other amphibians present in the Circo de Piedrafita apparently do not occur
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above 2300 m in this region; this is true for %XIR EXIR, 6DODPDQGUD VDODPDQGUD and
(XSURFWXVDVSHU. %XIREXIR has been reported to occur up to 2600 m in the Pyrenees
(Barbadillo HWDO. 1999) and is reliably known from 2650 m in the Moroccan Atlas (Dubois
1982b), but in the area surveyed by us we never observed the species at elevations
higher than 2160 m. This agrees with the data of Martínez - Rica (1979) who reported
the maximum Pyrenean altitude of this toad to be at about 2000 m. The presence of 6
VDODPDQGUD at 2100 m has already been reported by Beck (1943) for the French
Pyrenees (Pic de la Cardinquère; observation of Bonnal), and the species is known to
occur up to 2500 m on the Spanish Central massif (Barbadillo HW DO. 1999). Although
some Pyrenean populations of 6 VDODPDQGUD may bear fully developed young, in the
Circo de Piedrafita area the bearing of aquatic larvae is widespread according to our
observations. The maximum altitude records of (XSURFWXVDVSHU, apart from erroneous
2965 m on the Pic de Cambalès by Be c k (1943), are 2650 m without a precise locality
(Martínez - Rica 1979) and up to 2550 in the Ruisseau de Marcadau (Beck 1943); further
records at the 2500 m level are the "lac supérieur d’Estibère" (Clergue - Gazeau and
Bonnet 1976) and the Llanos de Millaris, Ordesa (Clergue - Gazeau 1999). This
suggests a possible altitudinal limit for this species similar to that of 5DQDWHPSRUDULD in
the Pyrenees. A species not recorded in the area surveyed herein was 7ULWXUXV
KHOYHWLFXV, although we have observed it in the Ibón de los Asnos, in the Tena valley at
2060 m (D. R. Vieites and S. Nieto - Román, 14 August 1999). This newt has been
reported up to 2400 m in the Gourg de Rabas (Angelier & Angelier 1964, Clergue Gazeau 1981).
Although our results refer to a relatively small stretch of only the Pyrenees, the
altitudinal distribution of amphibians is unlikely to differ in other parts of the massif. The
Pyrenees extend from east to west, and longitudinal influences on the climatic conditions
are therefore not to be expected. Altitudes of 3000 m and above are found in the central
parts of the massif only. The western portion of the Pyrenees is more strongly influenced
by mediterranean climatic conditions; nevertheless, on the highest peak in the region,
the Mont Canigou (2784 m), 5DQD WHPSRUDULD has only been found below 2300 m
(Dubois 1983). Lizards provide an example of lower tetrapods that are able to populate
much higher sites in the Cambalès region: /DFHUWD ERQQDOL has been found on the
summit of the Grande Fache mountain above 3000 m, where it probably benefits from
the fact that the snow layer on the steep peak disappears soon in spring (Vences HWDO.
1998).
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Figure 4. Logistic regression curves of presence and ascertained reproduction of Rana
temporaria in ponds within a 2.5 km radius around the Cambalès peak (left graphs) and
in a wider area of the Central Pyrenees excluding the Cambalès region (right graphs).

Our observations in 2001 (D. R. Vieites and M. Vences, unpublished)
demonstrated that larval development of 5WHPSRUDULD in the Respomuso area (around
2200 m altitude) takes a minimum of about eight weeks from egg deposition to
metamorphosis. Lakes above 2500 m were largely or completely covered by ice at the
end of July 2001, and all lakes above 2700 m were covered by ice in July of 2000, which
was a relatively warm summer. We never observed overwintering 5WHPSRUDULD larvae
but found evidence for massive tadpole deaths by freezing before the end of
metamorphosis at altitudes around 2500 m. We therefore assume that, in the central
Pyrenees, water bodies at elevations above 2600 m do not offer conditions that would
allow for successful reproduction of 5WHPSRUDULD. Although it can not be excluded that
single individual amphibians may climb to higher altitudes during August or September of
warm years, we are convinced that no stable amphibian populations can establish at
these sites under the currently prevailing conditions.
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If we compare the altitudinal distribution of 5DQDWHPSRUDULD in the Pyrenees with
the situation in the Alps, then the Alps seem to offer more favourable conditions at higher
elevations. The highest alpine lakes or ponds with a good success of reproduction
(thousands of big larvae near metamorphosis) were observed in the Laghi di Tre Becchi
(2720-2745 m) near the Col du Nivoulet in the Parco Naturale di Gran Paradiso,
Piedmont, Italy (K. Grossenbacher, 18 August 2000). Three sites above 2600 m with
reproducing populations of 5DQDWHPSRUDULD are known in the Western Alps: south of Col
de la Bonnette, France, 2640 m (K. Grossenbacher, 11 July 1987 and 17 August 2000),
Murtel below Piz Corvatsch, Engadine, Grisons, Switzerland, 2630 m (Brand and
Grossenbacher 1979, Grossenbacher 1988) and a pond on Alpe Lona, Val de Moiry,
Valais, Switzerland, 2603 m (Arlettaz 1993). A possible explanation for this difference
between Alps and Pyrenees could be that the sites in Gran Paradiso, Valais and the
Grisons are situated near mountains with much higher altitudes (above 4000 m) than the
Pyrenean ones and thus are better protected. Since the altitudinal differences between
the peaks and the potential reproduction sites are relatively small in the Pyrenees, these
sites are more exposed to the very rough and heterothermic climate. This explanation,
however, cannot be invoked for the pond on Col de la Bonnette in the Alps, which is not
far from the highest crest.
It also is instructive that, if the Cambalès records for Rana WHPSRUDULD and
(XSURFWXV DVSHU are corrected, the live-bearing species 6DODPDQGUD ODQ]Di is the
amphibian that reaches the highest altitudes in Europe west of the Caucasus (2800 m:
surroundings of Lago delle Forciolline, Massif of Monviso, western Italian Alps [Andreone
1999]). It can therefore be concluded that the factor limiting elevational occurrence of
non live-bearing amphibians in the Pyrenees, and probably in the whole of Europe, is the
presence of ice-free water bodies during a sufficient amount of time for larval
development.
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Appendix.Lakes and ponds surveyed in the area within a 2.5 km radius of the Cambalès
peak summit, their coordinates, altitude, and presence and reproduction of 5DQD
WHPSRUDULD. Sites are ordered by presence and reproduction of 5 WHPSRUDULD and by
altitude. ID is the identification number of the pond in the GIS database of the authors.
The locality of highest altitude (Ibón de la Facha 1, 2516 m) is marked in bold-italics; the
altitude of this locality has previously been wrongly given as 2700 m (Vences et al.
1999).
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,'
107
108
114
72
118
73
62
50
49
56
30
103
70
28
57
42
36
44
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37
40
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124
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$OWLWXGH
2173 m
2173 m
2173 m
2152 m
2153 m
2155 m
2156 m
2158 m
2159 m
2159 m
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2160 m
2161 m
2162 m
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2148 m
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YES
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0°16'
04'
'
W
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$OWLWXGH
2164 m
2165 m
2166 m
2170 m
2171 m
2172 m
2173 m
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,GHQWLI\LQJKDELWDWGHWHUPLQDQWVIRU5DQDWHPSRUDULDLQDPRQWDQHSRQGQHWZRUN
DFDXWLRQDU\WDOHDJDLQVWLQGLVFULPLQDQWXVHRIGLVFULPLQDQWDQDO\VHV
$EVWUDFW
The factors determining habitat choice and reproduction of the common frog,
5DQD WHPSRUDULD, were studied in a network of 224 water bodies within a high-altitude
glaciar basin in the Spanish Pyrenees. In a nested approach, we analysed separately
determinants for presence and reproduction of frogs, presence of tadpoles, emergence
of imagos and presence of juveniles from previous years. A total of 48 variables were
used for direct and stepwise discriminant analyses, but the overall data matrix did not
contain values for all variables from all ponds. We obtained highly significant
discriminant functions with strong explanatory power for most of the analyses. Among
the variables congruently identified as determinants were pond permanence as positive
influencing frog reproduction and imago emergence, and aquatic vegetation positively
influencing the presence of juveniles from previous years. Overall, however, congruence
between separate data sets was very low, although these were largely based on
different partitions of the same data. Our results caution against the uncritical use of
discriminant analyses, indicating that the probability of false significant results is
relatively high in such studies.

5HVXPHQ

Se han estudiado los factores que determinan la selección de hábitat y de
reproducción en 5DQD WHPSRUDULD en alta montaña. Para ello se ha muestreado un
sistema de charcas completo, constituido por 224 masas de agua, en una cubeta
glaciar pirenaica. Se planteó un análisis concatenado, analizándose tanto los
determinantes para la presencia de adultos de rana como de sus lugares de puesta,
pero también la presencia de renacuajos, imagos y juveniles de años anteriores. Se
emplearon un total de 48 variables para realizar análisis discriminantes directos y por
pasos, si bien la matriz general de datos no se pudo completar para todas las charcas
muestreadas. Se obtuvieron funciones discriminantes muy significativas y con gran
poder predictivo en la mayor parte de los análisis. Entre las variables identificadas como
determinantes y con congruencia en nuestros análisis, la permanencia de la charca tuvo
una influencia positiva tanto en la reproducción como en la emergencia de imagos,
mientras que la presencia de vegetación acuática determinó positivamente la presencia
de juveniles nacidos en años anteriores. En conjunto, sin embargo, la congruencia entre
diferentes análisis sobre los mismos lagos fue muy baja, a pesar de que estuviesen
realizados con diferentes particiones de la misma base de datos. Nuestros resultados
previenen contra el uso indiscriminado del análisis discriminante sin una base crítica, ya
que la probabilidad de obtener resultados significativos falsos es relativamente alta en
este tipo de análisis.
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,QWURGXFWLRQ
The understanding of factors influencing the distribution of a species in space
and its habitat selection is crucial for life history studies. Habitat selection of amphibians
is influenced by their complex life cycles, usually implying an abrupt change between an
aquatic and a terrestrial phase, before and after metamorphosis respectively (Wilbur
1980). This makes it necessary to analyse both environments in order to identify the
determinants influencing habitat suitability.
Amphibian habitat preferences have been analyzed frequently (e.g. Cooke 1975,
Cooke & Frazer 1976, Beebee 1977, Strijbosch 1979, 1980, Beebee 1981,1985a,
Pavignano et al. 1990, Ildos & Ancona 1994, Hecnar & M’Closkey 1996, Marnell 1998,
Bradford et al. 2003). Many of these works used multivariate statistics, such as
discriminant analysis or logistic regressions which have proven to be useful tools for
such analyses, especially in comparative contexts (Beebee 1985a, Pavignano et al.
1990, Ildos & Ancona 1994, Hecnar & M’Closkey 1996, Marnell 1998, Bradford et al.
2003). Most of these studies were focused on either the distribution of a species in
space or its selection of breeding sites, but did not take reproductive success in terms of
recruitment of immature phases into account.
The survival of immature amphibians can be density dependent (Wilbur 1977,
Dash and Hota 1980, Semlitsch & Caldwell 1982, Goater 1994), or affected by pond
drying (Smith 1983, Banks & Beebee 1988), water temperature (Laugen et al. 2003),
water chemistry (Beebee 1985b, Clark et al. 1985, Freda 1986, Leuven et al 1986,
Viertel 1999, Räsänen et al. 2002), competition (Smith 1983, Griffiths et al. 1991,
Relyea & Hoverman 2003), predation (Smith 1983, Woodward 1983, Banks & Beebee
1988, Hamer et al. 2002), or by other natural factors like increase of UV-B radiation (e.g.
Lizana & Pedraza 1998). Some studies that have analysed the field reproductive
success and survival in earlier amphibian stages (e.g. Licht 1974, Bell & Lawton 1975,
Banks & Beebee 1988). However, no attention has usually been paid on analyzing
quantitatively whether habitats that had initially been positively selected for reproduction
are also successively suitable for survival of the next developmental stages, such as
tadpoles, imagos and juveniles. These variables are crucial to assure recruitment. A
“wrong” habitat selection in these quantitative terms would compromise the long-term
viability of a population.
The common frog, 5DQD WHPSRUDULD is one of the most common European
amphibians. It is distributed across a wide latitudinal and altitudinal distribution range
(Grossenbacher 1997, Vences et al 2003) and is present in a wide variety of habitats
(Cooke 1975, Beebee 1985a). Its climatic plasticity is evident from the fact that is the
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only amphibian species that reaches the North Cape (Grossenbacher 1997). It also
shows a high phenotypic plasticity (e.g. Vences et al. 2002) which allows it to survive in
unfavourable habitats like ponds with high risk of drying.
Here we present the analyses of a nested analysis of habitat determinants that
affect the different developmental phases of 5DQD WHPSRUDULD in a high altitude pond
network, including frog presence, reproduction, reaching of tadpole phase, imago
emergence and juvenile recruitment. We analyzed a natural montane network of water
bodies to understand which habitat determinants compromise frog presence and
reproduction and the successive survival of larval and immature phases.

0DWHULDODQGPHWKRGV
6WXG\SODFH
Fieldwork was carried out mainly in the Circo de Piedrafita area in 2001, a highaltitude glaciar basin located in the central Pyrenean mountains, Spain (42º 48'53'
'N,
00º 16'53'
'W) at the boundary of the "Parc National des Pyrènees", France. We
included the neighbouring lakes of Cambalès across the Col de Cambalès, Remoulins
across Collado de San Martín and several lakes across the Col de la Fache. Water
bodies present in this area were monitored several times during the year 2001. Among
the characteristics of this high altitude area is a very low human alteration due to
inaccessibility. Factors like agriculture, contaminants or roads that can influence habitat
selection as well as pond connectivity and accessibility (Joly et al. 2001, Vos et al. 2001)
could largely be excluded.
'HSHQGHQWYDULDEOHV
Because of the difficult access of many of the water bodies in the study area, not
all variables could be gathered from all sites. Altogether, 224 studied water bodies were
monitored to detect the presence or absence of 5DQDWHPSRUDULD adults. 136 lakes with
frog presence were surveyed for frog reproduction, usually by observation of clutch
masses or amplecting pairs.; 99 waterbodies with frog reproduction were tested for
tadpole permanence; and 77 ponds with tadpoles were checked for imago emergence.
The term '
imago' is used to refer to individuals during the time span between
metamorphosis and the first important ecological event in the life cycle of the species (in
this case, the first hibernation), following Dubois (1978). The presence of juveniles from
previous years was checked in 133 of the 136 water bodies in which presence of 5DQD
WHPSRUDULD had been detected.
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,QGHSHQGHQWYDULDEOHV
A maximum of 48 independent variables were recorded of water bodies. These
include several geographic measures: elevation (m), longitude (m) and latitude (m);
presence of other amphibians (6DODPDQGUDVDODPDQGUD(XSURFWXVDVSHU) and of fishes;
physical and chemical water variables: pH, temperature (ºC), conductivity (uS/cm), %
dissolved O2, dissolved O2 (mg/L), Al (mg/L), Ca (mg/L), Fe (mg/L), K (mg/L), Mg
(mg/L), Na (mg/L), P (mg/L), S (mg/L), NH4 (mg N/L), NO2- (mg N/L), NO3- (mg N/L) and
turbidity (estimated by eye on an arbitral scale from 0 (cristaline water) to 5 (turbid)
(Marnell, 1998); lake morphology: surface (m2), perimeter (m), ratio surface/perimeter,
volume (m3), maximum depth (m), mean depth (m); running water, water current (in
those lakes in which running water was observed and water speed was higher than 0.5
m/s), connection to streams, and presence of one or several springs in the
surroundings.
Further variables were recorded from the bottom of each water body: surface
covered by submerged grass/aquatic vegetation (m2), mud (m2), sand-gravel (m2),
stones (m2); presence of aquatic vegetation; in percent of the open water; surrounding
terrestrial habitats: surface covered by grassland (m2), shrubs (m2), stones (m2), bog
(m2) in the 5 proximal meters to the lake; garbage (considered as presence of human
residues in the lake or surroundings); annoyances (camping or footpaths close to the
lakes); permanence (whether the pond is temporary and dries during spring and
summer or is permanent over the complete period of frog development); water apported
by melting of snow fields; presence of refuges and presence of shore lake refuges
(holes under the shore, usually used by adult frogs as shelter).
6WDWLVWLFDODQDO\VHV
Direct and stepwise discriminant analyses were employed to analyse the
predictive value of the independent variables on the absence or presence of frogs,
reproduction, tadpoles, imagos and juveniles born in previous years. The direct method
considers variables which pass a tolerance test, and all of these are included in the
analysis, not distinguishing between significant and not significant variables. The
stepwise method introduces one variable at a time in order to detect whether it
significantly contributes to the discriminant function. This is repeated until accuracy does
not increase by adding new variables. The variable with the lowest value of Wilks
lambda was introduced first, and this criterion was also used for the rest of the variables.
Among the variables recorded, 13 were discrete and 33 continuous. Discrete variables
were coded as present/positive (1) or absent/negative (0) for analyses. Tests for
normality were performed for continuous variables, and in 26 of them a log
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transformation was necessary to normalize distribution; those included: conductivity, Al,
Ca, Fe, K, Mg, Na, P, S, NH4, NO2-, NO3-, surface, perimeter, ratio surface/perimeter,
volume, maximum depth, mean depth, submerged grass, bottom mud, bottom sandgravel, bottom stones, surrounding surface of grassland, shrubs, stones, and bog. All
analyses were performed in SPSS 10.0.6.

5HVXOWV


$OWLWXGLQDOGLVWULEXWLRQ

Presence of 5DQDWHPSRUDULD was detected up to 2516 m above sea level in the
Circo de Piedrafita, which coincided also with its altitudinal reproductive limit. The
tadpole phase was reached also in high altitude ponds and lakes, but emergence of
imagos in the study year was limited to elevations up to 2383 m. Juveniles of previous
years were detected up to 2457 m. Figure 1 illustrates the elevational distribution of
water bodies in which the different life history phases were recorded.
'LVFULPLQDQWDQDO\VHV
3UHVHQFHRIIURJV
For 55 (24.6%) of the whole of 224 sites, 13 without and 42 with frogs, the whole
set of 48 predictive variables had been recorded. A direct discriminant analyses of frog
presence in these ponds resulted in a highly explanatory discriminant function that
correctly classified all sites (Fig. 2a) (Chi-square= 109.84, 3 < 0.001). Table 1 shows
the standardized canonical discriminant function coefficients for the variables used in
direct discriminant analyses and their significance. By using the stepwise method (Fig
2b), 81 lakes (36.2%) could be analysed, including 21 sites without and 60 sites with
5DQD WHPSRUDULD. The resulting function classified correctly 82.9% of all sites (Chisquare= 26.02, 3 < 0.001). Table 2 resumes which variables showed significant
influence in stepwise discriminant analysis, being temperature and magnesium
concentration the two main determinants for frog presence.
Because physico-chemical parameters were available for a limited set of ponds,
we performed also discriminant analyses without these 16 variables in order to have
more ponds available for analysis. A discriminant function was developed from 149
lakes (66.5%), 44 without and 105 with frogs, by direct analysis after excluding physicochemical parameters. This function classified correctly 81.9% of all sites (Chi-square=
58.829, 3 = 0.001). The same number of ponds were analysed by stepwise analysis,
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and the resulting function classified correctly 74.3% of all sites (Chi-square= 47.487, 3
< 0.001). Pond permanence, elevation and connection to streams were negative
determinant factors, whereas latitude and refuges were positive factors. Table 3
resumes the standardized canonical discriminant function coefficients for the variables
used in the direct discriminant analysis, and table 4 lists the variables that showed
significant influence in the stepwise analysis.
)URJUHSURGXFWLRQ
Frog reproduction was analysed using the dataset of lakes in which frog
presence had been detected. Reproduction occurred in 106 of the 136 lakes with frog
presence. For 42 of these 136 water bodies, data were available for all 48 predictive
variables. These were included in a direct discriminant analysis. This resulted in a
function that correctly predicted occurrence or absence of reproduction at all sites (Fig.
3a) (Chi-square= 70.15, 3 < 0.005). Table 1 shows the standardized canonical
discriminant function coefficients for the variables used in the direct method and their
significance. Stepwise analysis classified correctly 80.2% of all water bodies (Fig. 3b)
(Chi-square= 36.82, 3 < 0.001). Table 2 summarizes the variables that showed
significant positive and negative influences in the stepwise discriminant analysis. Water
current and magnesium concentration were the two determinants with negative
influence, whereas NO2, presence of submerged vegetation and pond permanence were
the ones with positive influence on frog reproduction.
104 ponds (76.5% of the total of ponds with frog presence) were used in a direct
discriminant analysis after exclusion of the 16 physico-chemical variables: 23 without
and 81 with frog reproduction. The resulting function was not significant (Chi-square=
39.941, 3 > 0.05). A stepwise analysis for the same data set classified correctly 77.9%
of the 104 sites (Chi-square= 23.104, 3 < 0.001). The presence of water current and
the surface of stones on the bottom affected frog reproduction negatively, while the
surface of mud was a positive habitat determinant for reproduction. Tables 3 and 4 show
the standardized canonical discriminant function coefficients and the variables with
significant influences in direct and stepwise analyses.
7DGSROHSKDVH
Tadpoles were not observed in all ponds in which reproduction occurred, mainly
because of egg failure or pond desiccation. For discriminant analysis of factors
influencing the presence of tadpoles we used the 106 water bodies in which
reproduction did occur. Of these, complete data sets on presence or absence of
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Figure 1: Plots of presence, ascertained reproduction, presence of tadpoles, emergence
of imagos and presence of juveniles from previous years in the study area. Black bars
illustrate the percentage of ponds and lakes in which each phase was observed at
different altitudinal levels (m). Percent refers to the number of lakes in which a life
history phase was observed relative to all surveyed water bodies. Numbers above bars
mark the total number of studied ponds at the respective altitudinal level.
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tadpoles and on the 48 predictive variables were available for 34 water bodies, 31 of
them with tadpole presence. These were included in the direct discriminant analysis.
Direct analysis gave a function that classified correctly 100% of the cases (Fig. 4a) (Chisquare= 56.54, 3 < 0.005). Table 1 shows standardized canonical discriminant function
coefficients for the variables used and their significances. The stepwise method
correctly classified 97.9% of the cases (Fig. 4b) (Chi-square= 95.99, 3 < 0.001),
indicating 12 different variables as determinants for presence of tadpoles (Table 2).
To increase the number of cases, further analyses were carried out after
excluding the 16 physico-chemical parameters. The number of ponds for analysis
increased to 77 (72.6% of the 106 ponds with reproduction), 68 with and 9 without
tadpoles, and the direct analysis gave a function that classified correctly 97.4% of all
ponds (Chi-square= 45.177, 3 <= 0.05) (Table 3). By stepwise analysis, the
classification variables changed, being maximum depth, presence of aquatic vegetation
and presence of snow fields the strongest determinants (Table 4), classifying correctly
74.4% of all cases (Chi-square= 15.956, 3 = 0.001).
,PDJRHPHUJHQFH
The imago phase starts upon completion of metamorphosis. For analysis we
used the 31 sites at which the presence of tadpoles had been observed and for which all
variables had been measured. Of these, imago emergence was observed in 19, while
no imagos emerged from further 12 ponds Direct discriminant analysis gave a significant
function (Chi-square= 64.193, 3 < 0.001) that correctly classified 89.2% of the ponds.
The stepwise method gave a function that classified correctly 83.6 % of all lakes (Chisquare= 32.219, 3 < 0.001), being pond permanence, latitude, surface of surrounding
grassland, P and Al the main determinant factors (Table 2).

Table 1: Standardized canonical discriminant function coefficients for the variables used
in direct discriminant analyses of presence of frogs, reproduction of frogs, presence of
tadpoles, presence of imagos and presence of juveniles from previous years. 48
variables were employed. Dashes indicate variables that failed the minimum tolerance
test; asterisks indicate significance levels of 0.05 (*), 0.01 (**) and 0.001 (***) in
comparisons of means between groups.
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9DULDEOH
Elevation (m)
Longitude (m)
Latitude (m)
Alternate amphibian
Fish
Turbidity
pH
Temperature (ºC)
Conductivity (µS/cm)
% Dissolved O2
Dissolved O2 (mg/L)
Al (mg/L)
Ca (mg/L)
Fe (mg/L)
K (mg/L)
Mg (mg/L)
Na (mg/L)
P (mg/L)
S (mg/L)
NH4
2NO
3NO
2
Surface (m )
Perimeter (m)
Ratio surface/perimeter
3
Volume (m )
Maximum depth (cm)
Mean depth (cm)
Water current
Running water
Water spring
Connection to river
2
Submerged grass (m )
2
Bottom mud (m )
2
Bottom sand-gravel (m )
2
Bottom stones (m )
Aquatic vegetation
% Open water
2
Grassland (m )
2
Shrubs (m )
2
Stones (m )
2
Bog (m )
Garbage
Annoyances
Permanence
Snow field
Refuges
Shore border refuge
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3UHVHQFH
-10.414
1.548
9.934
-3.805
-3.752
1.364
3.322
1.781 *
-5.563
-2.047
-0.785
-3.286
2.204
1.497
1.988 *
6.382 *
-2.016 **
3.163
3.366
1.968 *
3.475
-0.570
-8.854
10.804
14.371
-5.090
-5.461 **
-1.033
-4.628
5.718 **
-5.293
-4.643
-3.806
3.729 *
-1.631
2.145
-1.021
-4.629
-1.946
2.737
3.141
-2.666
-1.295
4.099
6.651
-8.942

5HSURGXFWLRQ
10.210
-7.191
-0.899
0.293
-1.176
0.185
-4.312
-1.760 *
1.701
11.471
-11.238
-0.221
-5.725
0.374
-6.054
2.379 *
3.385
-0.862
6.313
0.566 *
-2.983 *
2.787
-4.176
-0.013
-3.398
2.091
-5.994 **
6.276
1.411
-2.545
6.478 *
1.854
1.435
-1.275
-2.359
-1.482
-3.325
2.816
3.558
4.294

7DGSROHV

,PDJRV

-0.667 *
1.924 *
0.399 **
-1.145 *
-1.569
-0.267
1.532
1.182
-3.842
0.894
0.242
-1.313
-3.735
-0.292
-0.896
3.731
-1.482
-0.605
4.234
1.328
2.087
-1.329
0.598
0.995
2.559
-1.223
-0.649 *
3.301
1.049
-2.058
1.616
-

-0.578
-5.053
10.872
0.118
1.354
-0.508
4.046 *
6.137 *
-11.930
-3.017
-0.003
0.073 **
13.049
-1.929 **
3.156
2.808
5.002
3.615 *
-4.497
-0.592
-6.950
6.015 *
-10.895
-0.119
12.849
-0.935
5.436
-0.691
2.129
-

!\HDU
-XYHQLOHV
4.409
-1.714
-4.396
1.720
0.064
-1.537
-0.196
2.916
2.661
2.217
-0.521
2.246
-6.937
1.671
-3.009
2.970
4.227
0.280
-1.377
-3.952
0.200
2.828
15.038
-11.847
-4.031
-0.625
-2.583
0.061
3.031
2.728
1.094
-4.547
-1.694
-2.275
0.215
-0.591
1.422
1.996
2.070 *
-4.175
-

100

Chapter 6:




3UHVHQFH


5HSURGXFWLRQ





7DGSROH












,PDJR





!-XYHQLOHV




9DULDEOH

      

,QIOXHQFH

:LONV 

3

Temperature
Mg

+
+

0.8440
0.7160

0.0003
0.0000

Water current
2NO
Mg
Submerged grass
Permanence

+
+
+

0.7880
0.6530
0.5130
0.4160
0.3750

0.0020
0.0000
0.0000
0.0000
0.0000

Latitude
Annoyances
Conductivity
Mg
S
Dissolved O2
P
Connection to river
Water spring-up
Refuges
2NO
Garbage

+
+
+
+
+
+
+
-

0.7870
0.6160
0.5300
0.3080
0.1800
0.1270
0.0950
0.0590
0.0470
0.0370
0.0300
0.0250

0.0060
0.0010
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Permanence
Latitude
Grassland
P
Al

+
+
+
+
-

0.6494
0.5576
0.4317
0.3482
0.2965

0.0004
0.0003
0.0000
0.0000
0.0000

Garbage
Aquatic vegetation
Annoyances

+
+

0.9058
0.8164
0.7276

0.0480
0.0192
0.0066

Table 2: Variables with significant positive or negative influences in the different life
history phases, as detected by stepwise discriminant analyses including the whole set of
48 independent variables.
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The 16 physical and chemical variables were not available for a sufficiently large
number of lakes, and the analysis performed without them allowed to analyse more sites
(67 lakes, 27 without and 40 with imago emergence). The discriminant function obtained
by direct analysis classified correctly 97% of all sites (Fig. 5a) (Chi-square= 75.53, 3 <
0.001). Table 3 shows the standardized canonical discriminant function coefficients for
the variables used and their significance. The stepwise method predicted correctly
85.7% of total cases (Fig. 5b) (Chi-square= 43.76, 3 < 0.001). The main factor identified
as determining imago emergence was pond permanence, as some ponds dried out and
the complete tadpole population died (Table 4).

3UHVHQFHRIMXYHQLOHV
For the analysis of the determinants for the presence of juveniles from previous
years, all the sites with frog occurrence were included. This was done because juveniles
can move between ponds, being in ponds in which reproduction failed but with adequate
characteristics for them. For 42 of 136 ponds with frog reproduction, all variables were
available, 16 without and 26 with juveniles. The direct method (Fig. 6a) yielded a
significant discriminant function (Chi-square= 59.044, 3 < 0.05). In stepwise analysis,
the discriminant function classified correctly 69.7% of lakes (Fig. 6b) (Chi-square=
12.245, 3 < 0.01). Table 2 shows the significant variables in stepwise analysis.
Direct analysis without the 16 physico-chemical parameters, using 105 (77.2%)
of 136 ponds (60 without and 45 with juveniles), gave a good classification function that
correctly classified 80% of the sites (Chi-square= 53.271, 3 < 0.01). Table 3 shows the
standardized canonical discriminant function coefficients for the variables used and their
significance. Stepwise analysis gave a function that correctly classified 72.5% of all sites
(Chi-square= 14.37, 3 < 0.001), being the presence of aquatic vegetation and springs in
the pond surroundings the determinant factors for presence of juveniles (Table 4).

'LVFXVVLRQ


'HWHUPLQDQWVRIIURJSUHVHQFH

Most amphibian species show complex life cycles that suppose abrupt
ontogenetic changes in life history, usually related to the adaptations to aquatic versus
terrestrial habitats (Wilbur 1980). 5DQDWHPSRUDULD breeds in ponds and lakes in which
egg survival to tadpole phase, as well as tadpole development to imago emergence
could be influenced by internal pond factors like physico-chemistry, food, predation or
lake features. After imago emergence, the terrestrial habitats become crucial for juvenile
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survival and for the recruitment into the adult phase. In this context, the trade-offs
between life history traits could vary among the different phases, making it necessary to
analyse the relevant habitat factors separately for each phase.
The presence of 5DQDWHPSRUDULD in the Pyrenean mountains diminishes with an
increase of elevation (chapter 2 and Fig. 1), suggesting that the absence of ice-free
water during a sufficient time could compromise frog reproduction at high altitudes.
Additionally, at high altitudes, these frogs stay closer to their breeding sites also during
summer and show rather aquatic and diurnal activity patterns, entering the water when
air temperatures decrease significantly (chapter 10). This probably constitutes an
adaptation to extremely and unpredictable climatic conditions present at high altitudes
(Vences et al. 2002b).
Using direct discriminant analysis we were able to develop functions that
correctly classified the presence of 5DQDWHPSRUDULD in all of the water bodies for which
complete sets of variables could be measured. Stepwise analysis allowed the inclusion
of more lakes and gave a good classification of frog presence, mostly determined by
water temperature and magnesium concentration. These two variables were significantly
and negatively correlated with altitude in our dataset. However, after exclusion of
physico-chemical parameters and inclusion of a larger number of ponds in the analysis,
the presence of refuges, pond permanence, connection to rivers, and elevation were
identified as main influences on frog distribution. As elevation and water temperature
were negatively correlated in our dataset, the negative influence of altitude in the model
fits with the model made using all environmental variables. The two stepwise models
(with and without physico-chemical parameters) gave significant equations, but the
parameters were different.
Marnell (1998) found that several terrestrial habitats have a positive influence on
habitat selection of 5DQDWHPSRUDULD: dead wood, grasscover, quarries and scrub cover.
However, in our analyses these factors had no significant influences, possibly due to the
relative homogeneity of pond surroundings in alpine areas, as compared to lowlands.
Geology was also suggested to be an important factor (Beebee 1985a), but was not
considered in the present analysis because the entire glaciar basin is characterized by a
largely granitic substrate. Farming activity has been reported as a cause of frog
absence, and consequently of lack of reproduction (Beebee 1977), but this factor is
absent from the study area.
In the study area, trouts are being regularly introduced for fishing, especially in
larger ponds and lakes. Fishes and other amphibians are potential predators of adult or
larval frogs, but no clear negative site selection of 5DQD WHPSRUDULD depending on the
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presence of potential predators was noted in our data set, coinciding with previous
studies (e.g. Laurila & Aho 1997, Marnell 1998). Nevertheless, according to our
anecdotical observations, direct predation of frogs by trouts does occur in the study
area, which could have negative long-term consequences for single large frog
populations, considering that 5DQDWHPSRUDULD has a high site tenacity (Haapanen 1970,
Loman 1994).


'HWHUPLQDQWVRIIURJUHSURGXFWLRQ

Not in all of the water bodies with presence of 5DQDWHPSRUDULD, these frogs did
also reproduce in the study period. According to our results, the major determinants for
of reproduction were the absence of water current, presence of submerged grass, pond
permanence, and two chemical parameters detected by stepwise analysis. Frogs mainly
reproduced in water bodies without current, avoiding rivers or torrents, a factor revealed
by both the direct and the stepwise analysis. Submerged grass is used as microhabitat
for clutch deposition (obs. pers.) as has been reported before for this species and other
amphibians (e.g. Marnell 1998, Miaud 1995). Although 5DQD WHPSRUDULD bred in some
temporal ponds that dried out in summer, reproduction did not occur in most of these
temporary ponds.
Chemical parameters like conductivity have been suggested as important factors
for common frog reproduction (e.g. Stumpel & Van der Voet 1998). However, at our
study place, water chemistry is relatively homogeneous among ponds. The observed
significance of some chemical parameters in discriminant functions could therefore be
an artefact.


'HWHUPLQDQWVRIWDGSROHSUHVHQFH

Survival of eggs until the tadpole phase is known to be influenced by several
variables. Pond drying has been suggested as a key factor which can suppose whole
larval mortality (e.g. Banks & Beebee 1988). Our stepwise discriminant function gave 12
different factors as determinants for tadpole presence. Most of these were chemical
variables that were strongly correlated among each other. Other factors, like disturbance
level or presence of refuges were mainly relevant for adult frogs, and therefore were not
a priori expected to have any influence on tadpoles. By eliminating from the data matrix
all of the chemical parameters, more ponds could be included in the analysis, and the
maximum depth, presence of aquatic vegetation and presence of snowfields became
the determinant factors for explain tadpole permanence. These three variables are more
likely to be actual determinants of tadpole survival: deeper lakes have a lower probability
of drying up, and aquatic vegetation allows for refuges and is also an indicator to pond
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permanence. However, none of the significant variables predicting tadpole presence
coincided between direct and stepwise analyses.



9DULDEOH

Elevation (m)
Longitude (m)
Latitude (m)
Alternate amphibian
Fish
Turbidity
2
Surface (m )
Perimeter (m)
Ratio surface/perimeter
3
Volume (m )
Maximum depth (cm)
Mean depth (cm)
Water current
Running water
Water spring-up
Connection to river
2
Submerged grass (m )
2
Bottom mud (m )
2
Bottom sand-gravel (m )
2
Bottom stones (m )
Aquatic vegetation
% Open water
2
Grassland (m )
2
Shrubs (m )
2
Stones (m )
2
Bog (m )
Garbage
Annoyances
Permanence
Snow field
Refuges
Shore border refuge

3UHVHQFH

0,512 ***
-0,181
0,386 ***
-0,093
-0,061
-0,128
1,416
-0,16
-1,692
0,724
0,056 *
0,462
0,072
0,165
-0,084
-0,289
0,04
-0,121 *
0,126
0,014
0,051 *
0,069
0,109 ***
-0,259 **
0,089
0,092
-0,596
0,074
0,553 ***
-0,09

5HSURGXFWLRQ

7DGSROHV

QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV
QV

0,256
0,313
0,169
-0,049
0,059
0,057
2,528
-1,673
-1,526
0,976 *
-0,187
-0,693
0,590
0,260
-0,195
0,900
0,418
-0,130
0,542
-0,280
-0,367
-0,185
-0,481
0,177
-0,477
0,686
0,058
-0,514
-0,412
0,468

,PDJRV

-0.302
0.384
0.816 *
0.533
-0.132
-0.384
0.191
-1.373
0.064
0.148
-0.437
0.019 *
0.051
0.129
-0.501
0.746
0.537 *
-0.93
0.289
-0.553
0.637
-0.015
1.015 **
0.042
-0.611
0.285
1.308 ***
0.205
-1.543
1.473

!\HDU
-XYHQLOHV
-0,778 *
0,629
0,380
-0,235
-0,272
0,346
-4,603
2,874
1,123
0,160
-0,184
0,121
-0,013 *
-0,225
0,074
0,490
0,345
0,123
0,538 **
-0,089
0,107
0,039
0,065
-0,083 *
-0,555
0,498
0,367
0,207
0,303
-0,467


Table 3: Standardized canonical discriminant function coefficients for the variables used
in direct discriminant analyses of presence of frogs, reproduction of frogs, presence of
tadpoles, presence of imagos and presence of juveniles from previous years. 32
independent variables were employed after exclusion of 16 physico-chemical variables.
Dashes indicate variables that failed the minimum tolerance test; asterisks indicate
significance levels of 0.05 (*), 0.01 (**) and 0.001 (***) in comparisons of mean between
groups; QV indicates that the discriminant function was not significant.
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'HWHUPLQDQWVRILPDJRDQGMXYHQLOHSUHVHQFH
The probability of emergence of imagos from a pond is of course directly
influenced by pond permanence. Some ponds dried up and consequently all tadpoles
died before metamorphosis. In all other ponds, emergence of imagos was observed.
The two stepwise (with and without physico-chemical parameters) indicated
permanence and latitude as main determinants, but by including all variables, the
surface of surrounding grassland and two chemical parameters were also significant
habitat determinants. The direct models agreed in indicating a strong influence of pond
permanence on imago emergence.
The presence of juveniles from previous years, according to our analyses, was
found to be influenced by the presence of springs and presence of aquatic vegetation.
The two models were largely congruent although water springs did not appear in the
model with all variables included. Two explanations are conceivable for these influences.
On one hand, the environmental conditions in high mountain areas are highly
unpredictable. In the study area, according to unpublished data from the Respomuso
weather station referring to the period 1998-2002, the climatic conditions during the
activity periods of 5DQD WHPSRUDULD were characterized by unpredictable rain periods
and a generally low environmental humidity, indicating short-termed changes from wet
to very dry conditions. Juvenile frogs are sensitive to drought, and ponds with springs in
the surroundings can assure humid conditions for survival in this adverse environment.
On the other hand, in aquatic and semiaquatic vegetation, and in wet areas around
ponds, the density of potential prey is high in comparison with drier grassland and
shrubs (Vieites unpublished data), which could be another factor for positive selection of
these habitats by juvenile frogs


/LPLWDWLRQVRIPXOWLYDULDWHGLVFULPLQDQWDQDO\VHV

Multivariate discriminant analysis is a well-established tool in the endeavour of
analysing habitat choice of amphibians (e.g. Beebee 1985a, Pavignano et al. 1990, Ildos
& Ancona 1994, Marnell 1998). Regarding previous analyses on 5DQD WHPSRUDULD, the
kind and number of variables, and the type and number of water bodies analysed, were
not comparable with each other. In the present analysis it was attempted to include all
water bodies within the study area in order to avoid biases by pre-selecting ponds of
certain characteristics. We also attempted to include as many variables as possible, i.
e., all variables that had been used in the different published studies except for those
that are absent from (like most of human related ones) or homogeneous (like geology)
in our study area. Unfortunately we failed in complete the matrix of all 48 variables in the
complete 224 lake dataset, mainly due to logistic reasons such as the difficult access to
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several water bodies. Consequently, in many of our analyses the number of water
bodies available for direct discriminant analysis was lower than for stepwise analysis.
Furthermore, we performed additional analyses after excluding 16 physico-chemical
variables which lacked for many water bodies, and thereby obtained larger sample sizes
of ponds. These multiple analyses, caused by the incomplete data matrices, allowed
interesting insights into the reliability and reproducibility of the method in general terms.
As one of the most conspicuous aspects of our results, the discriminant functions
obtained were consistently successful in correctly classifying a very high percent of
lakes. However, the variables identified to exert significant influences in many cases did
not seem to make sense. More importantly, frequently the determinants identified were
highly incongruent among the various analyses, although these used largely the same
data sets.

3UHVHQFH





5HSURGXFWLRQ



7DGSROH



,PDJR


!-XYHQLOHV


9DULDEOH

,QIOXHQFH

:LONV 

3

Latitude
Refuges
Connection to river
Permanence
Elevation

+
+
-

0.8816
0.8144
0.7863
0.7539
0.7199

0.0000
0.0000
0.0000
0.0000
0.0000

Water current
Bottom mud
Bottom stones

+
-

0.9018
0.8581
0.7946

0.0012
0.0004
0.0000

Maximum depth
Snow field
Aquatic vegetation

+
+

0.9340
0.8539
0.8049

0.0241
0.0029
0.0012

Permanence
Latitude

+
+

0.5700
0.5050

0.0000
0.0000

Aquatic vegetation
Water spring-up
Garbage

+
+
-

0.9318
0.8844
0.8500

0.0071
0.0019
0.0009

Table 4: Variables with significant positive or negative influence in the different life
history phases, as detected by stepwise discriminant analyses. 32 independent
variables were employed after exclusion of 16 physico-chemical variables.

Regarding the presence of frogs, by including all independent variables, two
significant determinants were identified by stepwise analysis (temperature and Mg).
After excluding physico-chemical variables from the analysis and using an extended set

Chapter 6:

     

107

of ponds, five new variables were identified, but temperature was not any more among
these. Similar discordances were observed among most other analyses. Only in the
analyses of imagos and juveniles, the results of the different analyses were more
congruent.
These results indicate that discriminant analysis is to be used with caution when
the aim is to reliably identify the most important determinants influencing habitat choice
or survival of animals with complex life cycles. On one hand considering the whole set of
analyses, the determinants for presence and survival were indeed different for each life
history phase, from egg to adult, despite the recurrence of some variables such as pond
permanence. On the other hand, however, alternative models that identified different
main determinants had apparent high explanatory powers. This casts doubts on the
reliability of such analyses as a whole, because it demonstrates that the absence of
certain variables - significant or unsignificant ones - can totally change the statistical
results, thereby increasing the probability of alpha-errors in which wrong explanations
are supported by statistical significance.
In a conservative approach, the use of stepwise methods may be more adequate
to identify determinants for amphibian presence, although - or because - they returned
less significant classification functions in our study. Altogether it might also be a good
strategy to search for congruences among direct and stepwise methods. The major
claim derived from this study, however, is that any action taken on the basis of such
analyses - such as conservation and habitat management measures - needs to be
scrutinized as much as possible and, if possible, based only on such results that proved
their full reproducibility.
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Figure 2: Discriminant grouping patterns of water bodies with frog presence by direct
analysis (D) and stepwise analysis (E). Black bars illustrate frog presence, grey bars
illustrate frog absence. Group centroids are marked with x and y respectively, and are
for D (x = +3.36, Q = 42; y = -10.86, Q = 13); and E(x = +0.37, Q = 60; y = -1.08, Q = 22).
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Figure 3: Discriminant grouping patterns of water bodies with frog presence in which
frog reproduction was checked, by direct analysis (D) and stepwise analysis (E). Black
bars illustrate frog reproduction, grey bars illustrate absence of reproduction. Group
centroids are marked with x and y respectively, and are for D (x = +2.69, Q = 34; y = 11.45, Q = 8); and E(x = +0.98, Q = 74; y = -1.87, Q = 12).
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Figure 4: Discriminant grouping patterns of water bodies with reproduction in which
tadpoles were observed by direct analysis (D) and stepwise analysis (E). Black bars
illustrate presence of tadpoles, grey bars illustrate absence of tadpoles. Group centroids
are marked with x and y respectively, and are for D (x = +1.64, Q = 32; y = -17.42, Q = 3);
and E(x = +2.3, Q = 44; y = -15.5, Q = 4).
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Figure 5: Discriminant grouping patterns of water bodies with tadpoles in which imagos
were observed by direct analysis (D) and stepwise analysis (E). Black bars illustrate
presence of imagos, grey bars illustrate absence of imagos. Group centroids are
marked with x and y respectively, and are for D (x = +4.62, Q = 19; y = -3.82, Q = 23);
and E(x = +1.06, Q = 19; y = -0.87, Q = 23).
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Figure 6: Discriminant grouping patterns of water bodies with frog presence in which
recruitment of juveniles was observed, by direct analysis (D) and stepwise analysis (E).
Black bars illustrate presence of juveniles, grey bars illustrate absence of juveniles.
Group centroids are marked with x and y respectively, and are for D (x = -2.42, Q = 26; y
= 3.93, Q = 16); and E(x = +0.45, Q = 26; y = -0.76, Q = 16).
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%UHHGLQJIRUQRWKLQJGLIIHUHQWLDOVXUYLYDODQGPDVVLYHPRUWDOLW\RIHDUO\VWDJHVLQ
WZRPRQWDQHDQXUDQV


$EVWUDFW


The breeding phenology of the common toad (%XIR EXIR) and common frog
(5DQD WHPSRUDULD) is similar in both species in high altitude lakes, however the
developmental time needed for emergence is longer in toads. Our monitoring of
immature phases in a high altitude lake were both species are present, showed that,
while the frog lasts 6 weeks to reach imago phase, toadlets were recorded between 12
and 14 weeks after clutch laying. Also the mortality pattern for the different stages was
different. Between phases, mortality of toads was always higher than 50%, while in frogs
was the imago phase the one with very high mortality. Among the principal causes of
mortality, environmental UV-B could affect %XIR egg survival, while no effect on frogs
was recorded. In all the phases frogs were bigger than toads, and there is some
evidence that frog tadpoles can act as predators of toads, maybe due size differences.
Adult 5DQD WHPSRUDULD actively predate on frog and toad imagos, which constituted an
important part of its diet after summer. Most of the reproductive investment of the two
species died before first winter, but, while in the frog juvenile recruitment was observed,
no %XIR recruits survived their first winter. This pattern was observed for several years in
%XIR but is not clear if the toad population is in regression or stable, and how climate
change, through global warming, can affect anuran high altitude populations.
5HVXPHQ
La fenología de la reproducción del sapo común (%XIR EXIR) y la rana bermeja
(5DQD WHPSRUDULD) es similar para ambas especies en alta montaña, aunque el tiempo
necesario para la emergencia de juveniles es mayor en el sapo. Nuestro estudio de la
evolución de las fases inmaduras de estas dos especies en un lago de alta montaña
donde se reproducen ambas, ha demostrado que, mientras que la rana tarda 6
semanas en llegar a fase imago, el sapo tarda el doble (entre 12 y 14 semanas). El
patrón de mortalidad para las diferentes fases de desarrollo en ambas especies fue
diferente. Mientras que la mortalidad entre fases en el sapo fue siempre mayor del 50%,
en la rana sólo en la fase imago superó ese umbral. Entre las principales causas de
mortalidad, la radiación ultravioleta B ambiental puede influir negativamente la
supervivencia de huevos de sapo, mientras que no se ha detectado ningún efecto en
ranas. En todas las fases, las ranas fueron de mayor tamaño que los sapos, y dado que
los renacuajos de rana pueden ser depredadores de renacuajos de sapo, esto podría
explicar en parte el retardo en el crecimiento observado. Los adultos de 5DQD
WHPSRUDULD predan activamente sobre imagos de rana y de sapo, los cuales constituyen
una parte importante de su dieta. La mayor parte de la inversión reproductiva en ambas
especies muere antes del primer invierno, aunque, mientras se ha observado
reclutamiento de juveniles en la rana, ningún juvenil de sapo sobrevivió a su primer
invierno. Este patrón se ha observado durante varios años en el sapo, si bien no está
claro si la población de sapos está en regresión o es estable, y tampoco de qué forma
les afectará el cambio climático, a través del calentamiento global, a las poblaciones de
anfibios de alta montaña.
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,QWURGXFWLRQ
One of the most striking aspects of the phenomenon of global amphibian declines
is the disappearance of montane amphibian populations from virtually undisturbed and
protected areas. This regards bufonid ($WHORSXV) and dendrobatid (&RORVWHWKXV) taxa in
the Andean range of South America (La Marca & Lötters 1997), several montane Costa
Rican anurans (Lips 1998), as well as montane species of 5DQD in the USA (Bradford
1991, Wake 1991, Blaustein & Wake 1995) or $O\WHV in Spain (Bosch et al. 2001,
Martínez-Solano et al. 2003). The causes of these declines have not always been
identified. Suggested factors include epidemic diseases (Blaustein et al. 1994, Bosch et
al. 2001, Muths et al. 2003); introduced predators (Gamradt & Kats 1996, Fisher &
Schaffer 1996, Gillespie 2001); habitat fragmentation or destruction (Funk & Mills 2003,
reviewed in Alford & Richards 1999); pollutants (Sparling et al. 2001, Davidson et al.
2001), or environmental change as an increase of UV-B radiation which could affect
embryo survival (see reviews in Alford & Richards 1999, Hofer 2000, Blaustein &
Kiesecker 2002). Many declines are probably not due to single factors but rather caused
by interaction of several (Blaustein & Kiesecker 2002). However, the causes (Laurance
et al. 1996 vs. Hero & Gillespie 1997, and Alford & Richards 1997), or even the global
trends in amphibian decline (Alford et al. 2001 vs. Houlahan et al. 2000, 2001) are still
subject of controversy.
Declines have been usually reported at population level, but drastic changes in
population sizes are not necessarily tied to the chance of extinction. Trend analyses over
long periods are therefore necessary to understand the stability of populations (Blaustein
et al. 1994, Meyer et al. 1998). Alford and Richards (1999) suggested that fluctuations in
amphibian population sizes could be caused by differences in recruitment among years.
As amphibians are organisms with complex life cycles, undergoing abrupt ontogenetic
changes during metamorphosis, the factors that may affect their survival and thus
recruitment must be analysed separately for each developmental phase (Wilbur 1980).
The common toad %XIREXIR and the common frog 5DQDWHPSRUDULD are widely
distributed European amphibians for which limited population declines have been
reported for the past 40 years (e.g. Cooke 1972, Cooke & Ferguson 1976), mainly due
to habitat transformations and contamination. More recently, further unexplained
declines were reported for %EXIR (Carrier & Beebee 2003), whereas populations of 5
WHPSRUDULD usually did not show such negative trends (Meyer et al. 1998, Carrier &
Beebee 2003). In contrast, declines of the latter species have been observed in the last
decades in northern Spain, and in some cases could not be attributed to any welldefined causal factor (Galán 1999). Recent data on the significant negative effect of
environmental UV-B radiation on embryo survival was reported for the toad in mountain
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areas of Spain (Lizana & Pedraza 1998), and has been suggested as potential cause of
mountain populations decline. However, for the common frog there is no evidence that
even high levels of UV-B radiation affect its survival (e.g. Cummins et al. 1999, Pahkala
et al. 2001, Pahkala et al. 2002), although negative fitness effects, as developmental
anomalies among metamorphs, delayed metamorphosis, and body size and condition at
metamorphosis have been reported (Pahkala et al. 2001, Pahkala et al. 2002).
Since 1996 we have been carrying out fieldwork at a high-altitude site in the
Central Pyrenees at which these two species co-occur and breed. Although our
observations provided circumstantial evidence for recruitment in 5WHPSRUDULD, very few
metamorphosing % EXIR were observed, and no juveniles of this species other than
freshly metamorphosed ones were ever recorded by us. These observations prompted
us to monitor the survival of early stages in these anurans populations, and to provide
preliminary comparative analyses of several potential causes of their mortality.


0DWHULDOVDQG0HWKRGV


6WXG\DUHDDQGJHQHUDOOLIHKLVWRU\

Fieldwork was carried out in the Circo de Piedrafita area, central Pyrenean
mountains, Aragón, Spain (42º 48' 53'' N, 00º 16' 53'' W). This Spanish locality borders
the French "Parc National des Pyrenees", and presents an equally low level of human
disturbance. Studies were centred around the Ibón de las Ranas, a medium-sized
oligotrophic glacial lake situated at 2158 m altitude that is used by 5WHPSRUDULD and %
EXIR as breeding habitat. This lake has been described in detail elsewhere (Vences et al.
2000, 2002). It is located at the altitudinal distribution limit for reproduction for %XIREXIR,
and close to the limit for 5DQDWHPSRUDULD (Vences et al. 2003).
During their first year of life, common toads and common frogs, as other anurans
of generalized reproduction, pass different stages of development. In each stage they
are subject to different kind of processes that may affect their survival. At the study site,
reproduction starts upon unfreezing of the lakes by the end of May or beginning of June.
Eggs are laid into shallow waters at the shore, and larvae of both species complete
metamorphosis within their first summer. Metamorphosing specimens and
metamorphosed juveniles in their first summer are here named imagos according to
Dubois (1978). Winter starts from mid October to mid November, when snow pack
covers the ground and the lake starts to freeze again. Hence, amphibians spend about 7
months hibernating. Whereas 5WHPSRUDULD reproduces also in a large number of other
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water bodies in the same area (Circo de Piedrafita), %EXIR breeds mainly in the Ibón de
las Ranas and only one clutch was laid in another nearby lake.
&OLPDWLFYDULDEOHVDQGZDWHUFKHPLVWU\
Daily air temperature (ºC) at 8 h and 12 h, minimum and maximum temperatures
at 8 h, daily rainfall (mm) and presence and thickness (cm) of snow pack were available
from Respomuso meteorological station that is located at about 500 m from the study
lake.
To exclude the presence of the most common inorganic and organic
contaminants we collected water samples on 16 June when tadpoles started hatching.
Samples were filtered and then frozen at -20ºC until analysis.
Daily DNA-weighted irradiance (kJ/m2) during 2001 was calculated for the study
place. Irradiance was calculated for 2200 m elevation, assuming snow-free ground and
cloud free conditions for the whole period and standard pressure of 778 mbar, the typical
condition during summer 2001. All the calculations were done with the "Bjorn & Murphy"
program (Björn & Murphy 1985). Total ozone monitoring spectrometer (TOMS, in DU)
was obtained from the TOMS website and missing values interpolated. TOMS (column
ozone) was plotted together with the "normal" values calculated from the "Bjorn &
Murphy" program (Björn & Murphy 1985) in order to detect any ozone depletion in the
study place during the studied period.

3RSXODWLRQ(VWLPDWHV

(JJV. - Egg strings of toads and egg clutches of frogs were counted along the
shore of the pond. Because of the transparent waters of the Ibón de las Ranas, it is very
unlikely that some strings or clutches remained unperceived. To reduce time of
manipulation, nine entire egg strings (82% of the total observed) of % EXIR were
collected, divided into fragments about 700-1000 eggs, and photographed with a digital
camera in white plastic dishes. After this process, which took about 10 minutes per egg
string, the eggs were placed back into the pond at the place of collection. Eggs were
counted manually on a computer using the digital images. Manual field counts of eggs
per clutch were performed for 68 clutches of 5WHPSRUDULD (38%), and the average value
extrapolated to the remaining clutches.


7DGSROHV. - Number of 5WHPSRUDULDtadpole number was estimated by marking
with neutral red stain (ca. 5 min in 0.05-0.1% neutral red solution; Cooke 1976) a large
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sample of tadpoles and recapturing next day (Petersen 1896). This method could not be
applied to % EXIR tadpoles because they are entirely deep black. However, previous
observations in 1999 and 2000 that included intensive dives in the pond had shown that
these tadpoles only inhabited the shoreline and were absent from the deeper parts.
Therefore, their abundance was estimated by careful counts of tadpole sightings along
three representative transects of 15 meters of shore, and by extrapolation of the values
to the whole lake.

,PDJRVDQGMXYHQLOHV. - Metamorphosed specimens were marked by toe clipping,
and their number estimated by two subsequent capture-recapture processes. We used
the data to calculate weighted mean population estimates (Seber 1973) and their
standard errors (Begon 1979). Number of %EXIR imagos was estimated by the end of
September when metamorphosis had largely completed. In 5 WHPSRUDULD imagos and
juveniles (in their second year) could easily be distinguished by size; number of imagos
was estimated in August during the main metamorphosis period when about half of the
specimens had left the water; a separate tadpole estimate at this moment was added to
the imago estimate. A second imago estimate was made in September, parallel to that of
% EXIR imagos; and an estimate of first-year juveniles was carried out in the following
year (2002).

(JJIDLOXUH
Three different types of egg mortality can be distinguished in amphibians (Banks &
Beebee 1988): gamete failure resulting in infertile oocytes (IF), unviable eggs dead on
deposition (DOD), or a failure in development (DF). To determine the percent of dead
eggs due to these processes we collected 3500 eggs from 7 egg strings of %EXIR (500
eggs per string) and 28 complete clutches of 5WHPSRUDULD (10438 eggs; mean 373±96
eggs per clutch). Eggs were reared until hatching in separate small aquaria in the
laboratory, and tadpoles subsequently released. The lab was situated in the interior of
Respomuso mountain refuge, preventing any UV radiation to affect these eggs. Dead
eggs were counted daily and the results extrapolated to estimate non-UV related
mortality through DOD, IF and DF.
In order to estimate the field values for mortality due to DOD, IF and DF (UVrelated plus non-UV-related), we monitored daily all %EXIR egg strings in the pond and
counted dead eggs one by one and removing dead one’s after counting. Although this
method can suppose some error in estimates, lake characteristics and the low number of
toad clutches make it appropriate for egg failure estimates. Such monitoring was not
possible for 5WHPSRUDULD because most of the clutches sank to the deepest part of the
lake and could not be surveyed. Therefore, in this species we monitored other 28
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clutches that remained in more shallow waters and extrapolated the obtained counts of
dead eggs.

89%UHODWHGHJJPRUWDOLW\
Experiments of the influence of ultraviolet radiation on egg and embryo mortality
using freshly laid clutches or egg strings, starting on 7 June (5 WHPSRUDULD) or 10-11
June (% EXIR). For each species we set up separate transparent plastic enclosures
(22x18x15 cm). Following the experimental design of Lizana & Pedraza (1998), for each
species four enclosures were covered with Llumar filter film (Llumar Window Film, UVCL
SR HPR; Courtaulds Performance Films) which is impermeable for radiation under 380
nm, thus blocking UV-B; another four enclosures were covered with a plastic PVC sheet,
which allows passage of about 30% of UV-B; and the last four enclosures were kept
without any filter, only covered by a plastic net in order to avoid possible predation. All
the different treatments and replicates for each species were distributed randomly along
the lakeshore, tied to stones and perforated to permit water circulation. For %EXIRwe
collected 1800 eggs from seven different clutches and 150 eggs (50 eggs of three
random clutches each) were placed into each enclosure. For 5WHPSRUDULDwe collected
1200 eggs from 12 clutches and 100 eggs (25 eggs of four random clutches) were
placed in each enclosure. During the experiments, water temperature inside and outside
the enclosures was similar and ranged between 3.5-10.2 ºC. All enclosures were
surveyed every two days and dead eggs and embryos counted until tadpoles reached
developmental stage 22-23 (Gosner 1960); at this point they were released.
3UHGDWLRQ
The study lake is not connected to running waters. Hence, the presence of fishes
is restricted to those deliberately introduced by humans. In 2000 local fishermen
released at least five big trouts before winter. They started fishing on 2 June 2001 and
we observed the capture of three of the trouts. Although fishing continued throughout
June, no further captures were recorded, and our own attempts in July were
unsuccessful as well. Stomach content analyses revealed than one trout had consumed
only aquatic insects, while the other two had consumed three and one adult frogs,
respectively. No further trouts were detected in 2001 and 2002, and we therefore
assume that fishes were absent from the lake during our study period.
Beside occasionally occurring aquatic shrews 1HRP\V spp.), potential predators
of tadpoles in the pond were aquatic insects (dragonfly larvae, and '\WLVFXV beetles and
their larvae), newts ((XSURFWXVDVSHU and salamander larvae (6DODPDQGUDVDODPDQGUD)
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(Vences et al. 2002). Density of these predators, which usually are uncommon in the
deeper part of the pond, was estimated by counting the number of specimens per meter
of shoreline.
Stomach contents of adult (XSURFWXV DVSHU were obtained using stomach
flushing, and analysed in order to detect the incidence of tadpoles in its diet. We further
tested for possible interspecific interactions between tadpoles, by placing 20 tadpoles of
each species into three enclosures, respectively, and recording the number of surviving
specimens after 48 h.
According to our observations (Vieites et al. 1997; Vences et al. 2000), adult
5DQD WHPSRUDULD spend the summer close to the pond and regularly consume imagos
and juveniles of their own species. To confirm these observations we performed
stomach flushing on adult frogs in August and October 2001 (see Vieites et al. 1997),
periods of emergence of 5WHPSRUDULDand %EXIR imagos, respectively. Except for very
occasional records of migrating shorebirds, no other terrestrial predators were observed.
6WDWLVWLFDO$QDO\VLV
Non-parametric statistics (Kruskal-Wallis ANOVA and Mann-Whitney U-tests)
were used to test the possible effects of the different UV-B treatments on egg survival. A
survival analysis for each species during their first year of life was performed using the
Kaplan-Meier method. This statistic estimates survival rates for every point in time, using
censored cases to calculate conditional probabilities at each time point at which an event
occurs through the product limit of those probabilities (SPSS 1999). The previously
estimated population sizes were used as input for these calculations. Data for 5
WHPSRUDULDand %EXIR were analysed together and considered as different factors. We
tested for inter-species differences in survival using log-rank pairwise statistics and also
computed median and mean survival and 95% confidence intervals. All statistical
analyses were done using SPSS software, version 11.5.


5HVXOWV



3KHQRORJ\

At the Ibón de las Ranas, reproduction of amphibians starts when the pond
unfreezes by the end of May or beginning of June. Clutches (5 WHPSRUDULD) or egg
strings (%EXIR) are laid in shallow waters near to the shore. Eggs spend about fifteen
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days to reach tadpole shape (Gosner stages 23-25) in 5 WHPSRUDULD and two or three
days more in %EXIR. The tadpole phase lasts about six weeks in 5WHPSRUDULDand 1214 weeks in %EXIR
 7DGSROHV 
,PDJRV-XYHQLOHV
(JJV
7RWDO
6XUYLYLQJ 
6XPPHU 
,PDJR
3UHZLQWHU
VW\HDU
5DQDWHPSRUDULD
'DWH
3-6-2001 17-6-2001
22-7-2001
10-8-2001
4-10-2001 10-7-2002
59779
32199
76969
65424
6'
1384 ± 82
1592 ± 77
± 175
± 2076
± 17798
± 15129
QPDUNHG
5285
2282
871
1107
'LIIHUHQWLDOPRUWDOLW\
15%
9%
46%
96%
2.16
15.40
14.67
16.68
18.13
6L]H PP 
± 0.23
± 1.14
± 0.58
± 0.87
± 1.41
5DQJHVL]H PP 
1.67 – 2.60
12.80 - 7.20
12.90 – 16.50 14.90 - 18.40 15.0 – 22.0








%XIREXIR
'DWH
7-7-2001
4-10-2001
10-7-2002
7-6-2001 17-6-2001
37844
9000
420
6'
17324
0
± 1348
± 3000
± 49
QPDUNHG
243
0
'LIIHUHQWLDOPRUWDOLW\
54%
48%
95%
100%
6L]H PP 
11.60 ± 0.70
10.75 ± 0.66
5DQJHVL]H PP 
10.50 - 13.0
9.80 - 12.10

Table 1. Field population estimates of toad and frog early stages during their first year of
life. Marked individuals are showed for weighted mean population estimates (see
methods). Showed day data were used for survival calculations and correspond to the
first recapture day of each marking process except in egg stage, which correspond to
beginning of laying period. Differential mortality refers to the mortality percent between
two consecutive phases. Mean population sizes are shown for each phase, showing that
frogs were always bigger than toads. Egg size refers to egg diameter, while tadpole and
juvenile sizes refer to SVL measurements.

In 2001, at the Respomuso meteorological station, the snow layer disappeared
on 14 May, but the Ibón de las Ranas remained completely frozen until 30 May, and a
solid snow layer of 10 cm covered the surroundings of the lake until 6 June. Amphibian
reproduction was recorded immediately after the pond started unfreezing. In 5
WHPSRUDULD, the first adults and clutches were observed on 1 June, last egg deposition
took place on 15 June, first tadpoles were seen on 20 June and imagos at the beginning
of August. In %EXIR first adults were observed on 2 June, the first egg strings were laid
on 14 June, first tadpoles were seen on 22 June and first imagos on 24 September.
Snowfall started on 19 October, and the snow layer was permanent from that day on.
Adult5WHPSRUDULD were observed during the first days of October, burying themselves
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in the muddy bottom of the ponds or under big stones of the shore, presumably
preparing for hibernation.


&KHPLFDODQGFOLPDWLFYDULDEOHV

No evidence of organic or inorganic chemical contamination of the study pond
was observed. All ions measured were in low concentrations and below values of waters
considered to be contaminated (Reimann & Caritat 1998): Li, Mn, Ni, Zn and Hg were in
concentrations lower than 0.001 ppm; Ag, Al, B, Cu, Fe and P < 0.005 ppm; Cd and Pb
< 0.01 ppm; Cr, Mg and S < 0.05 ppm; Na = 0.176 ppm, K = 0.331 ppm and Ca = 0.554
ppm. Chlorine ions were also low in concentration (Cl = 0.08 mg/l) as were organic
compounds: NH4+, NO2- and NO3- < 0.05 mg N/L; PO4 = < 0.005 mg P/L; and SiO2 =
0.77 mg SiO2/L. The pond was slightly acid (pH = 6.75), well oxygenated (O2 = 6.82
mg/L) and had a low conductivity (20 µS/cm). Water volume (ca. 19000 m3) remained
more or less constant during the study period.
Variations in daily temperature and rainfall are shown in figure 1. As usual under
alpine conditions, weather was marked by instability. Air temperature was superior to
13°C almost all summer, dropping to below 10°C from 17 September onwards; however,
changes of 20-30°C among days were frequent, and snow was observed several times
in July and August. 2001 was a dry year, with few days of rain that were randomly
distributed over the activity period of the amphibians. Rainfall varied from less than 10
mm to 310 mm on one day, coinciding with a heavy storm. From mid-September
onwards rain was more frequent.
Figure 1a illustrates the changes in DNA-weighted irradiance for the study place.
At the beginning of the activity period of amphibians, the calculated values ranged
between 2.5-4 kJ/m2. From beginning of September one, a clear trend of reduction of
irradiance was detected until reaching values close to 1 kJ/m2. Real values were both
above and below the "normal" ones, and more often above, so there was no evidence of
any ozone depletion at this time.

Figure 1. Variations in daily DNA weighted irradiance (kJ/m2), rainfall (mm) and air
temperature at 12 h. Note that the limits of the graphs correspond to the first and last day
after and before winter period, so the complete amphibian activity period for 2001 is
shown
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89%LQIOXHQFH

Calculated natural mortality due to DOD, IF or DF was low in % EXIR
(3.69±4.86%) but higher in 5 WHPSRUDULD (27.40±12.48%), mostly due to unfertilised
eggs (IF). Table 2 shows the results of embryonic survival for the different UV-B
treatments. Average survival ranged from 80-86% in all treatments in 5 WHPSRUDULD,
while in % EXIR the survival was similar in the UV-B blocking treatment and lower
(around 40%) in the other two treatments (see figure 2). The results for 5 WHPSRUDULD
clearly indicate the absence of significant differences among treatments (Kruskal-WallisANOVA; P = 0.470), whereas the differences observed in % EXIR were close to
significance (P = 0.053). Pooling the results for unprotected and partly unprotected
treatments (no protection and PVC filter) and comparing them with the full protection
(Llumar filter) using a Mann-Whitney U-test resulted in no significant differences in 5
WHPSRUDULD (P = 0.283) but significant differences in %EXIR(P = 0.016).

)LOWHU

/OXPDU



39&



1RILOWHU




%XIREXIR
6XUYLYLQJ 6XUYLYRUV $YHUDJH
HPEU\RV


79
52.7
133
88.7
125
83.3
118
78.7
75.8
47
31.3
69
46.0
98
65.3
75
50.0
48.2
37
24.7
44
29.3
76
50.7
108
72.0
44.2

6'

16.0

14.0

21.7



5DQDWHPSRUDULD
6XUYLYLQJ 6XUYLYRUV $YHUDJH

HPEU\RV


86
86
66
66
86
86
82
82
80.0
89
89
71
71
74
74
90
90
81.0
88
88
87
87
88
88
81
81
86.0

6'

9.5

9.9

3.4

Table 2. Embryonic survival among UV-B experiment treatments. Llumar corresponds to
the UV-B blocking treatment, PVC filter blocked part of the radiation while in no filter
treatment embryos were completely exposed to environmental radiation.


3UHGDWLRQ

Mean density of predators was 0.37/m of shore. In the experimental assessment
of interspecific interactions among anuran larvae, all tadpoles of 5WHPSRUDULDsurvived
whereas 12 out of 60 tadpoles of % EXIR were killed and consumed by those of 5
WHPSRUDULD. Hence, the latter can be considered as potential predators of % EXIR
tadpoles. Using this definition, predator density for %EXIR tadpoles increases to 118/m
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of shore. Using the estimated number of hatched tadpoles (see table 1), a simplistic
calculation results in the presence, in the pond, of 0.003 predators for each 5
WHPSRUDULD tadpole but 3.46 predators per %EXIR tadpole.
Table 3 summarizes stomach content analysis of adult (XSURFWXV DVSHU and 5DQD
WHPSRUDULD. The newt consumed tadpoles in summer, but in very low frequency as
compared to invertebrate prey. When the 5WHPSRUDULDimagos left the water (August)
they were eaten in high proportion (18%) by adult frogs, being present in more than 56%
of the stomachs. The same was observed in October, when also %EXIR imagos were
consumed.

Figure 2. Mean percentage of surviving embryos in UV-B treatments for the two species.
Black bars correspond to UV-B blocking treatment; grey bars to partly transmitting and
white bars to non-blocking treatment (UV-B exposed).
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7DGSROHV
6
1.3
3
7.1




5WHPSRUDULD
LPDJRV
21
18.3
9
56.3


%EXIR
LPDJRV
0
0
0
0


5WHPSRUDULD
LPDJRV
9
5.3
8
30.8


%EXIR
LPDJRV
12
7.1
1
3.8

3UH\


,QYHUWHEUDWHV
443
98.7
40
95.2




7RWDO
449
42


,QYHUWHEUDWHV

7RWDO

94
81.7
16
100

115





16

,QYHUWHEUDWHV

7RWDO

149
87.6
24
92.3

170
26

Table 3: Stomach contents of (XSURFWXV DVSHU and 5DQD WHPSRUDULD. Adult newt
stomach contents were obtained before toad and frog metamorphosis. Adult frog
stomach contents were obtained in mid August, when the 5WHPSRUDULD imagos left the
water, and beginning of October, when the %EXIR imagos left the water. “Frequency” is
the percentage of a certain prey item averaged over all stomach contents, and
“presence” is the number of stomach contents in which a prey item was present.

3RSXODWLRQVL]HVDQGVXUYLYDO


Table 1 summarizes the field population estimates of toads and frogs during their
first year of life. Figure 3a summarizes the life cycle during this first year, and figure 3b
shows the Kaplan-Meier survival probabilities calculated using the mean values of the
estimates in table 1.

5 WHPSRUDULD showed relatively low mortalities in the egg and tadpole phases,
being a little higher only during metamorphosis. A very high mortality was observed in
the imago phase before hibernation, dying the 96% of juveniles by comparing with the
previous phase. The population estimates of second-year juveniles in July 2002 showed
a slight increase, possibly due to immigration from other small ponds in the
surroundings. Actually, several individuals marked as imagos in 2001 at these sites were
recaptured at the Ibón de las Ranas in 2002. However, calculated immigration was low
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(Vieites unpublished) which indicates a high percentage of juveniles surviving the winter
period.
The survival pattern of %EXIR was different, and mortality rates were consistently
higher than in 5 WHPSRUDULD in all phases, being around 50% by comparison of each
consecutive phases. A significant mortality was recorded already during the egg phase,
and most of the hatched tadpoles disappeared before metamorphosis. In October, a
relevant number of imagos were observed but despite very intensive diurnal and
nocturnal searches in June-July 2002, we failed to observe even a single second-year
juvenile.
Mean estimated survival time for %EXIR was 82 days (SE = 0; 95% confidence
interval between 81-82 days) and median survival was 34 days (SE = 0; confidence
interval: 33-35 days). The corresponding values for 5 WHPSRUDULD were higher: mean
112±0 days (confidence interval: 112-113 days), median 124±0 days (confidence interval
not computable). Differences in survival distributions between the two species were
significant in a log-rank test (P < 0.001).

'LVFXVVLRQ





'XUDWLRQRIODUYDOSKDVHV

Our results, as summarized in the Kaplan-Meier survival estimate (Fig. 3),
indicate higher mortalities of %XIREXIRas compared to 5DQDWHPSRUDULDin each of the
early life stages. Furthermore, eggs, tadpoles and imagos of % EXIR attained
consistently smaller sizes than those of 5 WHPSRUDULD and the time to metamorphosis
was almost the double. Several reasons may account for the poor performance of %
EXIR larvae. Reading & Clarke (1999) found the duration of the tadpole phase in this
species to be negatively correlated with the beginning of the spawning period and
positively correlated with the proportion of cold days with ground temperature below 0ºC
and the proportion of days with rainfall higher than 10 mm. Also low food availability and
high densities negatively affected growth rates and thus duration of tadpole stage. Of the
characteristics of the study pond and period, the late unfreezing of the pond and
consequently late start of breeding, few days of rain, and low tadpole density (about 4
tadpoles/m3) would favour a short larval period (Reading & Clarke 1999), but the
contrary was observed. Since water volume in the pond remained constant over the
study period, there also was no increased crowding effect that could account for a delay
in metamorphosis (Loman 1999, Laurila & Kujasalo 1999). For the same reason, also
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desiccation (Banks & Beebee 1988, Laurila & Kujasalo 1999, Loman 1999) can be
excluded as mortality factor.
However, the Ibón de las Ranas is characterized by a relatively low abundance of
food and relatively cold water temperatures (mean 10-16ºC), while massive
unpredictable changes in temperature are common in this area and were observed in
summer 2001: drops of air temperature below 0°C certainly also had effects on water
temperature at the shore (Piqué et al. 2000). These factors, especially the low and
variable water temperatures, may have been crucial to determine the slow growth and
long tadpole phase of % EXIR at this site.
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Figure 3. Developmental stages (a) and accumulated survival probabilities in a KaplanMeier survival analysis (b) for the two species. Note that figure limits correspond with the
end of 2000-2001 winter period (left) and beginning of 2001-2002 winter (right).

In contrast, the faster development of 5 WHPSRUDULD larvae could have been
favoured by their regular migration behaviour, to the shores during the day and to the
deeper parts of the pond at night, that allows them to exploit more efficiently their
thermal environment (Piqué et al. 2000). A similar schoaling behaviour is well known in
% EXIR larvae as usually, these can be seen in schoals near the surface of ponds,
probably to benefit from higher water temperature, but no such observations were made
in the Ibón de las Ranas. Such a gathering in the areas of highest temperatures in this
pond, at the very shallow parts of the shore, may be prevented by the high density of 5
WHPSRUDULD larvae in these areas. Our results indicated a clear superiority of these,
culminating in regular interspecific predation.


7DGSROHPRUWDOLW\


Aquatic predators other than 5 WHPSRUDULD tadpoles were probably no decisive
factors to account for the high mortality of %EXIR. The predators observed in the pond,
especially '\WLVFXV water beetles and their larvae, are known to be among the most
effective predators on 5 WHPSRUDULD tadpoles (Augert 1992), but these predators had
low densities and are unlikely to prey selectively on %XIR tadpoles. The diet of (XSURFWXV
DVSHU included a very low percentage of tadpoles, and previous works in the Pyrenees
did not report tadpoles from (XSURFWXV stomach contents at all (Montori 1988). The same
is true for 6 VDODPDQGUD larvae, which because of their small size are unlikely to catch
free-swimming and full-grown tadpoles of %XIR or 5DQD Fish introductions had been
reported as important source of tadpole mortality in the common frog (e.g. Laurila & Aho
1997), but were probably not relevant during the study period. Furthermore, some
studies indicate that %XIR tadpoles are less consumed by vertebrate predators than
5DQD tadpoles (e.g. Manteifel & Reshetnikov 2001), yet in the latter, about 40% of the
eggs survived to metamorphosis (Tab. 1). In %EXIR, about 40% of the eggs reached the
free-swimming tadpole stage on 7 July, but only about 1% reached the Imago phase
(Tab. 1).
Tadpoles of 5 WHPSRUDULD, in the study pond, were bigger than the ones of %
EXIR. At some occasions, we observed cannibalism among 5 WHPSRUDULD tadpoles,
usually involving the consumption of injured individuals. Metamorphosis is certainly a
critical moment, and the weak % EXIR tadpoles in this period need to spend time at the
very shallow parts of the shore, which are also frequented by 5 WHPSRUDULD tadpoles,
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often in very high densities (Pique et al. 2000). Hence, it is possible that many
metamorphosing %XIR tadpoles are killed and consumed by 5WHPSRUDULD larvae during
metamorphosis. Predation of 5DQD WHPSRUDULD on %XIR eggs and embryos has been
reported before (Heusser 1970; Banks & Beebee 1987) but usually did not involve later
larval stages.
Eggs and larvae of amphibians are known to be affected by various
environmental contaminants, and clutches of 5WHPSRUDULD are known to be sensible to
acid water (e.g. Linnenbach & Gebhardt 1987; Beattie et al. 1993). The Ibón de las
Ranas receives its water exclusively from precipitation and melting snow, and it is far
from any human settlement and other potential sources of contamination. We did not
detect any contaminants in its water. The pH and conductivity were low but did not reach
critical values. Despite the relatively low hardness of the water, and its thereby low
potential for buffering changes of pH, the mere size of the pond and large water volume
make such sudden changes, e.g., through acid precipitations, rather unlikely.
Our experiments provide indications for a higher resistence of 5WHPSRUDULD eggs
and embryos to one additional potential mortality factor, UV-B radiation. The statistical
analysis of our experimental results was not unequivocal because of the relatively high
variation in mortality among experiments of % EXIR Nevertheless, the tendency
observed coincides well with other data. Studies from other sites agree in indicating that
survival of 5 WHPSRUDULD eggs and embryos is not affected by natural UV-B radiation
(Cummins et al. 1999; Greenslade & McLeod 1999, Pahkala et al. 2002), while a
distinctly increased mortality due to UV-B was observed in a montane %EXIR population
from Spain (Lizana & Pedraza 1998). We therefore assume that also in the Ibón de las
Ranas, UV-B radiation is a decisive factor increasing egg mortality in %EXIR whereas it
has little or no effect on 5WHPSRUDULD
However, the observed increse in mortality (to 55%) was distinctly lower than that
reported by Lizana & Pedraza (1998) who, in the Spanish Sierra de Gredos, found a
mortality of 84% in UV-B exposed treatments. Photoprotection by a specific UV-B
absorbing substance has been reported for high altitude 5DQDWHPSRUDULD populations in
the Alps (Hofer & Mokri 2000), and appears to be present in high altitude populations of
%XIR EXIR as well (Hofer pers. comm.). Our results therefore point to the possibility of
some kind of photoprotective adaptation of toads at the Ibón de las Ranas which may be
lacking in other Iberian populations such as those from the Sierra de Gredos.
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The highest mortality of % EXIR according to our results, took place either just
before, during or shortly after metamorphosis. We assume that a multitude of factors is
responsible for this massive mortality. Predation of metamorphosing tadpoles by 5
WHPSRUDULDlarvae, predation of imagos by adult 5WHPSRUDULD, and a high vulnerability of
the minute imagos by climatic changes (drought or sudden drops in temperature) are
probably the most important ones. Recent results of Pahkala et al. (2001) indicated the
possibility of carry-over effects of embryonic UV-B exposure on larval fitness. We have
no evidence for such influences in our study area, but the hypothesis of carry-over
effects that further weaken %EXIR tadpoles or imagos under these suboptimal climatic
conditions remains to be tested.
The late metamorphosis of %EXIR tadpoles certainly had negative effects on the
survival of imagos during hibernation. Imagos of 5WHPSRUDULD had at least two months
to eat and grow before winter, while % EXIR imagos, of anyway smaller size, had less
than one month available. It has been reported that %EXIRimagos that metamorphose
earlier are able to perform size increases between 3.4-4.2 mm compared to those
emerging late (Reading 1988, Wheater 1985), which can affect winter survival.
As indicated by the relatively low population size of juveniles in their second year
in 2002, as compared to sizes estimated previously (ca. 1600 vs. ca. 5000-9000; Vences
et al. 2000b), the summer 2001 and winter 2001/2002 were not very favourable to the
survival of anuran imagos and juveniles. Our data indicate that recruitment of %EXIR in
the season was extremely low or absent. During many years of intensive study in this
area we never observed juvenile toads other than imagos, indicating that their survival is
rare and recruitment must be an exceptional event in this%EXIR population. Also in 5
WHPSRUDULDoverall mortality was strikingly high, and recruitment in the first year was only
about 1%. There are few comparative data of egg, tadpole and imago survival of other
populations of these species. Survival until emergence presents a high variability among
ponds (0.03 - 14.3% in %EXIR and 0.03-42.3% in 5WHPSRUDULD; Hertlein & Oerter 1997)
although in well structured toad populations a high rate of adult recruitment was
observed (Gittins 1983).
The data provided herein contribute to the description of a null model of life
history of 5 WHPSRUDULD and % EXIR under natural conditions close to their elevational
limit. The study area was largely undisturbed and neither contaminants nor ozone
depletion was detected during the study period. If changes in environmental variables
are carefully monitored, our data will help to understand how these changes affect
amphibian life history. Global changes may locally lead to declines in this unaltered area,
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e.g. through ozone depletion and increase of UV-B radiation. However, they may also
foster an increase of survival, recruitment and population sizes, e.g. through global
warming leading to higher water temperatures and longer activity periods.
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3KHQRW\SLF SODVWLFLW\ RI DQXUDQ ODUYDH HQYLURQPHQWDO YDULDEOHV LQIOXHQFH ERG\
VKDSHDQGRUDOPRUSKRORJ\LQ5DQDWHPSRUDULDWDGSROHV
$EVWUDFW

Environmental variables shaped the morphology of tadpoles of the common frog,
5DQDWHPSRUDULD, in various ways at the Pyrenean locality Circo de Piedrafita. Examining
only specimens in similar developmental stages, those from small ponds (with higher
temperature and higher tadpole density) had lower growth rates, lower relative tail
height, lower relative body width and fewer labial keratodonts and keratodont rows. The
variation in keratodonts may have been caused by heterochrony related to the slower
growth rate. The number of lingual papillae also differed between ponds but was not
related to pond size. Higher predator densities caused a higher percentage of damaged
tails and a lower relative tail length in specimens with apparently intact tails, probably as
a result of incomplete regeneration after mutilations earlier in development. Implications
of this observed high phenotypic plasticity on the high variability of adult external
morphology showed in this species, and also the possible utility of measured characters
in taxonomical studies within brown frogs are discussed.

5HVXPHQ

En una localidad de alta montaña, Circo de Piedrafita – Pirineo Central, se ha
demostrado cómo algunas variables ambientales determinaron la morfología de los
renacuajos de 5DQD WHPSRUDULD. Mediante el examen de especimenes en estados de
desarrollo similares, los de charcas pequeñas (con mayor temperatura y mayor
densidad de renacuajos) mostraron menores tasas de crecimiento, menor altura de la
cola, menor anchura del cuerpo y menos dentículos keratodontos labiales y filas de
keratodontos. La variación en los keratodontos puede deberse a la heterocronía
relacionada con la menor tasa de crecimiento. El número de papilas linguales difirió
entre charcas, si bien no estuvo relacionado con el tamaño de charca. Altas densidades
de depredadores supusieron un mayor porcentaje de colas mutiladas así como una
longitud relativa de la cola menor en especimenes con colas aparentemente intactas,
probablemente como resultado de una regeneración incompleta después de
mutilaciones ocurridas en fases tempranas de desarrollo. Se discuten las posibles
repercusiones de esta elevada plasticidad fenotípica en la gran variabilidad morfológica
observada en los adultos de esta especie, así como la utilidad de los caracteres
analizados en estudios taxonómicos dentro del grupo de ranas pardas.
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Time to metamorphosis and rate of development for anuran tadpoles is
influenced by the temperature (Harkey & Semlitsch 1988), size (Pearman 1993) and rate
of desiccation (Newman 1989) of their habitat (Denver 1997), plus density (e.g. Gromko
HWDO. 1973, Miranda & Pisanó, 1993), pathogens (Beebee 1995; Petranka 1995) and diet
(Kupferberg 1997). Differences in developmental rate are also caused by genetic factors
in at least some species (Berven 1987, Blouin 1992). There is less information published
on the morphological plasticity of amphibian larvae with the possible exception of size
differences. Crump (1989) and Inger (1992) reported morphological differences seen in
conspecific feeding and non-feeding tadpoles, while geographic variation in mouthpart
morphology of 6FDSKLRSXV tadpoles is known from North America (Potthoff & Lynch
1986). In salamanders (Pfennig & Collins 1993, Nishihara 1996) and anurans (Pfennig
1992), cannibalistic morphs, which differ drastically from non-cannibalistic morphs in
head morphology, can occur under certain environmental conditions.
Predator-induced morphological changes are also known to occur in +\OD
FKU\VRVFHOLV tadpoles (McCollum & Leimberger 1997). A number of morphological
variables and colour pattern differences between brook-dwelling and pond-dwelling
larvae of 5DQD FKLULFDKXHQVLV are known to exist (Jennings & Scott 1993), while the
number of oral papillae may differ depending on environmental variables in 5DQD
EHUODQGLHUL and 5VSKHQRFHSKDOD (Hillis 1982). Although a low percentage of specimens
with aberrant oral morphology are generally present in tadpole populations (e.g. Bresler
& Bragg 1954), a high proportion of intra- or interpopulational variation of such features
is mostly considered as an exception. Field guides usually use tadpole morphology as
species-specific, i.e. genetically determined.
Vences HW DO. (1998) noted important interpopulational variation in the
morphology of tadpoles of the common frog 5DQD WHPSRUDULD. The systematics of
Pyrenean brown frogs were not well assessed until recently (see Serra-Cobo 1993,
Vences 1998), and differences in the number of labial keratodont rows and lingual
papillae have been considered as indications of taxonomic distinctness of the respective
populations (Vences 1998). A second possible explanation given by the same authors
was a possible heterochronic reduction of tooth rows caused by increased
developmental rates.
During recent fieldwork in the Spanish central Pyrenees, large morphological
variations of body shape and oral morphology were observed among tadpoles inhabiting
neighbouring ponds. To analyse the interaction of different ecological influences
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producing this variation, assessments were made of the biotic and abiotic characteristics
of 14 ponds and the morphology of the tadpoles inhabiting them.

0DWHULDOVDQGPHWKRGV
$ELRWLFSRQGFKDUDFWHULVWLFV
Fieldwork was carried out in the Circo de Piedrafita area, central Pyrenees,
Aragón, Spain, in July 1999. This plain of 2-3 km2 at FD. 2100-2250 m elevation includes
a number of large glacial ponds, smaller ponds and stagnant brook tributaries, which are
used for reproduction by a large 5DQD WHPSRUDULD metapopulation. The 14 ponds
surveyed, labelled A - N, were located between 42º48.35' N-42º49.04' N and 0º15.59' W0º17.77' W.
Ponds were classified (Table 1) as large (A - D) with a water depth > 50 cm, and
small (E-N). Several small ponds were not permanent; pond N dried out at the beginning
of July, killing all tadpoles (only a limited number of morphological variables could
therefore be measured in the specimens from this pond). In 1998, the year before we
carried out the systematic fieldwork, pond H also dried out before the tadpoles
metamorphosed. At the end of the study period, ponds F, J and L were also beginning to
dry up. Although most ponds were stagnant, pond M was connected to a small
permanent brook, and pond K was a slow-running part of that same brook. All ponds
were totally sun-exposed. The bottom of the ponds were stone or gravel, often largely
covered by mud. Measurements were taken of minimum and maximum pond diameter,
circumference and maximum depth, and an estimate of pond surface was calculated. As
most ponds had a more or less regular depth over most of their surface, water volume
was roughly estimated using pond surface and maximum depth as parameters.
Diurnal water temperature (measured in all ponds between 16:00 and 17:00 h on
16 July 1999 to exclude diel or temporal variations) was highest in the shallow ponds
(23.5-30.5 ºC), lowest in the larger ponds (18.5-20.4 ºC) and intermediate in K and M,
which partially had flowing water (22.3-24.1 ºC). Temperature was inversely correlated
with water volume (Spearman's rank correlation, U =70.58, 3 <0.05) and depth (U
=70.72,3 <0.005).
Water samples were preserved with a small amount of chloroform, and chemical
parameters were studied with Sera©, Aquamerck©, and Merckoquant© test kits. Water in
all ponds was low in ions as reflected by low conductivity values (Table 1) and was
slightly acidic (pH values 5.0-7.0). Other chemical parameters were close to or below the
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sensitivity limit of the tests: calcium, 10 mg/L; nitrate, < 5 mg/L; chloride, < 12.5 mg/L;
phosphate, < 0.25 mg/l; iron, < 0.05 mg/l; sulphate, < 200 mg/l. Carbonate hardness and
total hardness were 1dH in all ponds except I (2º dH), J (3º dH) and F (4º dH).
Correlations of conductivity with total and carbonate hardness and with pH were
significant (rs =0.76-0.88, 3< 0.005). Such values were to be expected in the largely
granite Circo de Piedrafita. The presence of high amounts of other pollutants (e.g.
organic compounds) in some ponds while absent in others, is not probable in this remote
and largely unaltered area. Therefore, it can be excluded with sufficient probability that
the observed differences in tadpole growth rate and shape were caused by pollution
(Rowe et al. 1998).
%LRWLFSRQGFKDUDFWHULVWLFV
Aquatic vegetation (6SDUJDQLXPDQJXVWLIROLXP) was present in ponds A, C, and D
and was dense in pond G. Ponds F and J were vegetated at 30% and 80% of their
surfaces, respectively, by &DUH[IXVFD. All other ponds had no aquatic or semi-aquatic
vegetation.
Various methods that were dependent on the size and accessibility of the pond
were used to estimate the number of tadpoles present. Direct counts were preferred
where possible, but in large ponds and those with many hiding places, the number was
estimated by neutral red staining (FD. 5 min in 0.025-0.1% neutral red solution; see
Cooke, (1976) of a large sample of tadpoles per pond and recapturing tadpoles the next
day (Petersen, 1896). The dye of the tadpoles was always recognizable 1-2 days after
staining and in some ponds even after 5-6 days. Tadpole mortality during the staining
procedure was low and mainly caused by a lack of oxygen when too many tadpoles
were stained at once. Tadpole densities/m3 were correlated with water temperature
(Spearman's rank correlation, U =0.78, 3 < 0.005) and inversely with water volume (U
=70.59, 3 < 0.05).
During nocturnal searches along the pond shores 5 different potential tadpole
predators were observed: (1) newts (XSURFWXVDVSHU; (2) salamander larvae 6DODPDQGUD
VDODPDQGUD; (3) dragonfly larvae; (4) '\WLVFXV EHHWOHV; (5) '\WLVFXV beetle larvae. No
fishes were seen in the ponds, although 2 species occured in the nearby dams (6DOPR
WUXWWD3KR[LQXVSKR[LQXV). Aquatic shrews 1HRP\VIRGLHQV were observed sporadically
in pond A but apparently did not occur in high densities. Direct observations were made
of predation attempts by salamander larvae on tadpoles in pond H. The salamander
larvae were not able to catch the tadpoles, which were as large or even larger than the
larvae, but did succeed to bite them from behind on several occasions.

The effect of these bites could not be ascertained in detail, but the larvae were
probably able to remove parts of the tadpole’s tails. Predator density was estimated from
our nocturnal counts as specimens/m of shoreline; it ranged from 0 to 3.09/m. Numbers
of salamander larvae were highest in pond H (170 specimens along the shoreline).
There were no significant correlations with predator density of any physical or chemical
variables, nor with tadpole density.
No data are available on the start of the breeding season of frogs in the different
ponds in the study year. However, data from May and June 2000 showed that breeding
started more or less simultaneously in different small and large ponds of the Circo de
Piedrafita. Clutches were already present in some of the smaller ponds (e.g. pond I)
heated by the sun, while they were laid some days later in the large pond A. Thaw most
probably proceeds each year in a similar succession in the ponds of the area. It can
therefore be excluded with sufficient probability that tadpoles from small ponds were
consistently younger than those from the large ponds.
7HVWRIJHQHWLFKRPRJHQHLW\

To verify that the morphologically different tadpoles belong to the same species
(see Vences HWDO. 1998), a fragment (up to 544 bp) of the mitochondrial 16S rRNA gene
was sequenced in 1 specimen from ponds A-C, E-F, H-I and L-M. Primers, PCR
protocols and sequencing conditions were as in Vences HW DO. (2000). No differences
were detected among the sequences (Genbank accession numbers AF275735AF275743) except a single substitution in the tadpole of pond C at position 208 of the
alignment. Western Palearctic brown frog species differ by least 3% of the homologous
gene fragment (M. Veith, J. Kosuch & M. Vences, pers. obs.). The genetic data thus
confirmed that the different tadpole morphs correspond to a single species, 5DQD
WHPSRUDULD.
0RUSKRORJLFDOPHDVXUHPHQWV
Tadpoles (10-15 specimens) were collected in each pond on 15 and 16 July
1999, anaesthetized and preserved in 4% formalin. Terminology of tadpole morphology
follows Altig & McDiarmid (1999) and Viertel & Richter (1999) except for the term
“‘keratodont”, which we use for the labial teeth of tadpoles according to Dubois (1995).
The developmental stage was recorded according to Gosner (1960); snout-vent length
(SVL), tail length (TL), maximum tail height (TH), maximum body width (BW), and
number and arrangement of keratodont rows using the standardized formula of Dubois
(1995), number of buccal papillae, and number of keratodonts in the Frst, second and
third interrupted upper rows (K1, K2, K3) on the right side of the jaw sheaths.
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Morphometric measurements were taken with callipers to the nearest 0.1 mm and
mouthparts were examined with a stereomicroscope. In some samples, a large
percentage of tadpoles had damaged tails (compare Blair & Wassersug 2000). This was
obvious as generally the posterior part of the tail was missing to varying degrees. A
specimen was scored as having a damaged tail only if the mutilation was obvious from a
fresh wound or recognizable from the straight (not pointed) tail tip. One to 3 specimens
of each sample were prepared by critical point drying and their mouthparts, especially
buccal floor and buccal roof, were examined with a scanning electron microscope
(SEM). All specimens (except those used for SEM analysis) are preserved in the
collection of the Zoologisches Forschungsinstitut und Museum A. Koenig, Bonn,
Germany (ZFMK 72115-72140). Statistical analysis was carried out with SPSS for
Windows (version 9).

5HVXOWV

All measured morphological variables and developmental stages differed
significantly among ponds (Kruskal-Wallis ANOVA, 3 < 0.001). Highly significant
differences (3 < 0.001) were found in all variables except for K3 (not significant) and K2
(3 < 0.05) by ANCOVA with SVL as the covariate; and in all variables except K1 (3 <
0.005) by ANCOVA with stage as the covariate.
Tadpole size differences between ponds were very conspicuous; mean SVL in
pond B was almost twice the value in pond I. Tadpole keratodont formulas differed in the
number of interrupted keratodont rows on the upper lip. These were three (resulting in a
formula of 1:3 + 3/1 + 1:3) in almost all specimens of the three largest ponds (A, B, D), in
about half of the specimens in the fourth largest pond (C), and in most specimens of
pond L. Tadpoles in the remaining ponds had exclusively or mostly only two interrupted
upper rows (formula 1:2 + 2/1 + 1:3) (Fig. 1). SEM pictures did not reveal consistent
differences in size and arrangement of the papillae of the buccal floor and buccal roof,
which corresponded well to the drawings of Viertel (1982). All specimens had four lingual
papillae; in several individuals, one to three of these were damaged (only their bases
visible) and difficult to recognize.
Mean Gosner stage was not significantly correlated with water volume,
temperature, nor tadpole density. Metamorphosis occurred in nine ponds during the
study period. The date of first metamorphosis observation (developmental stages 41-46)
was 14 July in pond F, 21 July in ponds E and I, 22 July in pond B, 25 July in pond A,
and 28 July in ponds C, G, H, and L and was not correlated with water volume,
temperature, or tadpole density. Mean SVL of the metamorphosing specimens (up to five
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individuals measured) was positively correlated with water volume (U# = 0.75, 3 < 0.05),
and negatively correlated with tadpole density (U# =70.90, P< 0.005) but not with
temperature.
To exclude the effects of stage differences on the morphometric variables, mean
values per pond were calculated based on specimens in stages 35-38 only. No such
specimens were present in the samples of ponds I and K; the analyses therefore were
carried out with a reduced data set of 11-12 ponds. Numbers of upper keratodont rows
were similar to the overall sample. In the four large ponds the percentage of specimens
with three upper keratodont rows was 66-80% (ponds A, B and D) and 50% (pond C). In
pond L, 92% of the tadpoles had three rows while the percentages were 0-35% in the
remaining small ponds. SVL (as most other morphological measurements) was
correlated with water volume (U # = 0.60, 3 < 0.05). Mean number of keratodonts of all
three rows studied increased with water volume, but the respective correlation was only
significant for K1 (U# = 0.74, 3< 0.01). A significant correlation was also found for the total
number of keratodonts, when all three rows were added together (U# = 0.65, 3< 0.05; Fig.
2). No obvious differences in keratodont shape or size were noted in the SEM analyses.
Similar (but inverse) correlations and significance levels were found between
morphology and water temperature but not with tadpole density. No significant
correlation of any environmental variable was noted with number of papillae.
To exclude the size factor from the morphometric measurements TL, TH and BW,
we log-transformed these variables, and subsequently removed log(SVL) as a covariate
through regression analysis. Values were adjusted to the overall mean SVL (12.99 mm);
thus, all specimens were compared as if they had this average SVL (Blouin 1992). Sizeadjusted tail height was correlated with water volume (U# =0.648, 3 < 0.05) and inversely
with tadpole density (U# =70.651, 3 <0.05). Size-adjusted body width was positively
correlated with volume (U# = 0.680, 3 < 0.05) and negatively with tadpole density (U#
=70.647, 3 < 0.05) and temperature (U# =70.618, 3 < 0.05). Size-adjusted tail length of
specimens with apparently non-damaged tails was not correlated with volume,
temperature and density, but was negatively correlated with predator density (U# =70.831,
3 < 0.005; Fig. 3). The percentage of damaged tails among complete samples of all
ponds was positively correlated with predator density (U # =0.727; 3 < 0.01) but not with
any other environmental factor.
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Figure 1. Different types of oral morphology observed in 5DQDWHPSRUDULD tadpoles of the
Circo de Piedrafita. Note: three interrupted upper tooth rows in specimen from pond A
(a), two interrupted upper tooth rows in specimen from pond I (b).
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Figure 2. Growth rate and morphological traits of 5DQD WHPSRUDULD tadpoles relative to
pond size. Snout-vent length (a), size adjusted tail height (b), size-adjusted body width
(c), and number of keratodonts of the upper First S (*), second (*) and third (^)S
interrupted tooth row (d) were plotted against water volumes (logarithmic scale). Each
symbol represents mean value of one pond (only specimens in developmental stages
35-38 considered). Tail height and body width were adjusted to the mean overall SVL of
12.99 mm. Correlations were significant (Spearman’s rank correlation, 3 < 0.05) in A, C,
and D, as well as for total number of keratodonts and keratodonts on first interrupted
upper row in B.
'LVFXVVLRQ

Modifications of tadpole growth rate and size at metamorphosis by environmental
factors are of two sorts. With increasing temperature (Harkey & Semlitsch 1988) or pond
desiccation rate (e.g. Newman 1989, Denver et al. 1998, Loman 1999) time to
metamorphosis may be reduced and metamorphosis occurs at smaller or similar body
sizes. Alternatively, time to metamorphosis is prolonged, and metamorphosis
nevertheless occurs at smaller sizes; this response has been observed at lower food
resources or higher density (e.g. Gromko HWDO. 1973; Miranda & Pisanó 1993, Reques &
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Tejedo 1995). According to Denver (1997), the same effects may be inhibitory to growth
if present early in the larval phase, but stimulatory to development if present during
prometamorphosis. 5DQD WHPSRUDULD tadpoles at the Circo de Piedrafita probably
experienced the relevant environmental influences (differences in pond size, density and
temperature) upon hatching. They grew slower and metamorphosed at a smaller size
with decreasing pond volume (and increasing temperature and density), although no
significant modification of time to metamorphosis was noted. The observed pattern
seems to match better the second category outlined above. Which factor or combination
of factors is most responsible for the growth differences is difficult to assess without
controlled experiments, considering their strong inter-correlations. As the ponds studied
were poor in minerals and algae it could be assumed that food was a limiting resource in
ponds with high density, accounting, partially at least, for the reduced growth.

Figure 3. Size-adjusted tail length of specimens with apparently intact tails plotted
against predator density (individuals counted per m of pond shore). Each symbol
represents mean value of one pond. Values are based on specimens in stages 35-38
only. Predator density, semi-logarithmic scale to account for the high values in pond H.
The correlation was significant (Spearman’s rank correlation, 3 < 0.005).

The factors that account for differences in growth rate and size at metamorphosis
among tadpoles in the Circo de Piedrafita ponds are also likely to have effects on oral
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structures. The upper keratodont rows in 5DQD appear centripetally (Grillitsch & Grillitsch
1989), as in other anurans (e.g. +RSOREDWUDFKXV WLJHULQXV; Dutta & Mohanty-Hejmadi
1984). This means that the outer rows appear first, while the rows closest to the jaw
sheaths sequentially form at later stages. Length of rows and keratodont number
increase during anuran development (Tubbs HW DO. 1993). Specimens in earlier
developmental stages thus have a lower number of keratodonts and keratodont rows.
Among the surveyed ponds, however, such differences were also obvious in specimens
of similar stages. It is assumed that heterochronic developmental shifts were responsible
for these observations; progress of development, and eventually metamorphosis, being
induced before the oral structures are fully developed. This hypothesis most probably
explains why growth-inhibited tadpoles in the small ponds had few keratodonts in late
stages.
Tadpoles in the small ponds also had relatively lower tail fins and their bodies
were narrower. Almost 50% of the dry weight of a 5DQD tadpole is stomach content
(Calef 1973). Our Feld impressions were a general lower body volume in specimens
from small ponds as compared to the almost spherical bodies of tadpoles found in large
ponds. A lower food intake or weight loss (either due to lower food availability or related
to crowding stress or pathogen factors; Gromko HW DO. 1973, Beebee 1995, Petranka
1995) in the smaller ponds may therefore account for the variation in body width. The
differences in tail height may be related to the long swimming distances covered each
day by tadpoles in the large ponds, which migrated each day from the deep part of the
ponds to the shallow edges, probably due to thermoregulatory behaviour patterns (Piqué
HWDO. 2000).
A further, independent modification of tadpole shape was caused by predation.
Predators caused a higher proportion of damaged tails, and a lower relative tail length in
specimens with apparently intact tails. Most probably, these specimens were attacked
and damaged by predators early in development and their tails grew back completely,
albeit shorter. This observation would be in accordance with the hypothesis that tail loss
in anuran larvae incurs little cost and therefore may be an important mechanism to
reduce the effect of predation (Wilbur & Semlitsch 1990).
Altogether, the morphological differences observed between ponds approach a
magnitude generally considered as diagnostic between brown frog species (e.g.
Barbadillo HW DO. 1999). Together with the high degree of damage of lingual papillae
detected by the SEM studies, they are in the range of the differences found by Vences,
Kupfer HWDO. (1998) among Pyrenean 5WHPSRUDULD populations. Thereby, our results do
not support the hypothesis that more than one temporaria-like 5DQD species occurs in
this mountain chain.
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A keratodont formula with only two interrupted upper rows seems to be typical for
montane 5WHPSRUDULD populations (Sperling et al. 1996, this study). These populations
furthermore differ by accelerated growth rates from lowland populations (Brand &
Grossenbacher 1979) as is also found in other anurans (Gollmann & Gollmann 1996).
Growth rate is also higher in 5 WHPSRUDULD populations from northern latitudes as
compared to those from more southern sites (Merilä et al. 2000). Relative hindlimb
length of metamorphs may differ relative to size at metamorphosis in frogs, caused by
heterochronic effects (Emerson et al. 1988). The variation in larval growth history
detected in the present study certainly influences life history and survival of metamorphs.
Additionally, its magnitude also makes an influence on adult morphology conceivable. If
such influences were demonstrated by further studies, they may partly explain the
extraordinary variability of external morphology, both within populations and between
high- and low-altitude populations of 5WHPSRUDULD.
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Table 1. Main characteristics of ponds studied and selected morphological traits of the
respective tadpole populations. T, water temperature; C, water conductivity; SVL, snoutvent length of tadpoles; SVL met., snout-vent length of recently metamorphosed
specimens; NPAP, number of oral papillae; K1, K2, K3, number of keratodonts of Frst,
second and third interrupted upper keratodont rows (right side of jaw sheaths only).
Measurements, mean standard deviation (minimum and maximum values in
parentheses); developmental stages, according to Gosner (1960), mean with minimum
and maximum values in parentheses; tadpole density, m3 of water; predator density,
potential predator specimens/m of pond shoreline; last column, percentage of individuals
with clearly damaged tails (tail tip missing or severely mutilated)

Pond

Surface Volume Tadpole
m2
m3
density
3

Conduc- SVL
Predato
tivity
r
Temp
met
µS/cm (mm)
density

A

9500

19000

12/m

0.09/m 19.0°C

40

14.54

B

1650

3150

2/m

3

0.04/m 18.5°C

12

14.13

C

1065

735

11/m3

0.33/m 20.4°C

19

13.8

D

660

858

1/m

0.17/m 20.0°C

12

--

E

135

34

26/m

3

0.49/m 23.5°C

12

13.22

F

180

49

30/m3

0.09/m 25.6°C

100

12.9

G

75

8

181/m

3

0.24/m 29.1°C

32

13.5

H

215

43

211/m

3

3.09/m 27.1°C

18

12.23

I

30

9

632/m3

J

70

8

4/m

K

10

1

163/m

L

5

M
N

3

0/m

26.4°C

62

10.12

0/m

25.0°C

79

--

3

0/m

24.1°C

--

--

1

410/m3

0/m

25.1°C

2

1

30/m

0/m

22.3°C

20

1

--

3

3

0.27/m 30.5°C

30
µS/cm
25
µS/cm
--

11.2
---

SVL (mm)

Stage

NPAP

15.40±1.14
(12.8-17.2)
16.35±0.98
(14.3-17.8)
14.16±1.95
(10.3-17.2)
13.89±1.13
(11.9-15.6)
14.03±0.85
(12.9-15.1)
12.13±1.31
(9.6-13.5)
14.19±1.09
(12.9-16.5)
13.31±1.04
(11.2-14.6)
9.81±1.68
(7.5-13.0)
12.18±0.64
(11.1-13.1)
11.09±1.92
(9.9-17.5)
11.45±1.31
(8.4-13.2)
12.08±1.48
(10.7-14.9)
10.59±0.82
(9.5-12.0)

37
(36-38)
37
(34-40)
33
(28-36)
33
(30-35)
37
(35-38)
34
(25-41)
34
(31-37)
35
(26-41)
30
(25-41)
37
(36-41)
29
(25-32)
34
(26-36)
32
(29-35)
37
(37-38)

85.8±10.1
(69-107)
101.4±12.8
(85-127)
91.1±18.7
(69-134)
88.7±14.2
(65-112)
105.9±24.8
(69-160)
76.6±21.1
(26-98)
100.6±13.8
(83-126)
94.3±18.9
(63-116)
90.4±19.3
(65-116)
89.7±21.7
(66-130)
76.0±7.9
(65-93)
106.7±11.1
(76-118)
86.8±12.8
(70-111)
--

NKER1

NKER2

NKER3

mut.
tails

55.0±7.8 29.6±11.0 11.3±3.5
0%
(40-65)
(0-45)
(7-20)
55.4±9.72 30.0±9.0 8.9±5.2
27%
(42-65)
(14-45)
(0-15)
45.2±7.3 28.1±6.1 3.1±3.8
42%
(36-60)
(16-38)
(0-10)
44.9±6.1 25.0±3.9 7.6±4.3
53%
(32-54)
(19-30)
(0-15)
46.3±6.2 25.1±4.8 2.8±3.8
31%
(36-55)
(18-35)
(0-10)
39.8±7.9 14.6±6.7
0
13%
(26-50)
(5-25)
45.0±6.9 24.0±5.9 0.2±0.6
25%
(35-55)
(15-30)
(0-2)
46.9±10.5 24.6±6.9 0.5±1.3
47%
(32-65)
(14-35)
(0-4)
44.8±6.34 13.1±6.6
0
0%
(35-50)
(3-20)
43.5±5.2 22.8±6.9 1.2±2.1
17%
(40-57)
(15-35)
(0-5)
35.9±3.9 19.2±2.3 0.3±1.0
14%
(30-43)
(16-23)
(0-3)
39.6±3.6 25.8±5.0 5.8±3.9
1%
(33-45)
(16-35)
(0-10)
36.9±5.5 21.1±5.5
0
0%
(31-50)
(16-30)
33.3±14.2 14.8±10.5
0
-(15-48)
(0-24)
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/DUYDO DEXQGDQFH DQG UHFUXLWPHQW UDWHV RI FRPPRQ IURJV 5DQD WHPSRUDULD LQ
SULPDU\DQGVHFRQGDU\EUHHGLQJKDELWDWV
$EVWUDFW
We analyzed the total reproductive investment and estimated survival rates of
different life history phases in the first year of life of the common frog, 5DQDWHPSRUDULD, in
an extensive network of montane ponds in the Pyrenean mountains. Clutch number was
counted in a total of 100 ponds which correspond to almost the total of water bodies in
which reproduction took place. A total of 1201 clutches were observed in the whole aquatic
system, which correspond to about 470000 eggs. In 80 lakes of which complete datasets
were available, according to mark-recapture estimates and extrapolations, 40.8% survived
to the tadpole phase, and 19.3% reached the imago state after successful metamorphosis.
Of the estimated 70927 imagos, only 2.96% survived until the next summer. Recruitment
to the stage of first year juveniles was therefore 0.45% of the whole reproductive output
and 1.75 1st year juvenile per clutch. We observed a clear separation of pond categories,
with some primary ponds that harboured source populations with relatively high survival
rates until the phase of first year juveniles, and secondary ponds with very low or absent
recruitment of first-year juveniles. Size and weight at metamorphosis were significantly
negatively correlated with tadpole density and pond volume, and survival rates at ponds
were correlated with size at metamorphosis. Hence, in the pond network analyzed, some
ponds are crucial for reproductive success and recruitment and should be in the centre of
monitoring and conservation efforts.
5HVXPHQ
Se ha analizado la inversión reproductiva total y estimado las tasas de
supervivencia de las diferentes fases de desarrollo en 5 WHPSRUDULD, durante el primer
año de vida en una extensa red de charcas de alta montaña. Para 100 charcas, que
corresponden a la práctica totalidad de charcas en la que se reprodujo la especie, se
contó el número de puestas. En conjunto, se observaron 1201 puestas que corresponden
a unos 470000 huevos. En 80 lagos con datos completos para todas las fases de
desarrollo, mediante estimas de marcaje-recaptura y extrapolaciones, el 40,8% de los
huevos sobrevivieron hasta la fase de renacuajo, mientras que sólo el 19,3% alcanzó la
fase de imago. Del total estimado de imagos, 70927, sólo el 2,96% sobrevivió su primer
invierno. El reclutamiento hasta la fase de juvenil del primer año fue del 0,45% para el
total, lo cual supone 1,75 juveniles por puesta. Hemos observado una clara separación
entre grupos de charcas, con varias charcas primarias que albergaron poblaciones fuente
con tasas de supervivencia relativamente altas, y otras con muy poco o ningún
reclutamiento de juveniles. El tamaño y peso en el momento de la metamorfosis
estuvieron correlacionados con la densidad de renacuajos y el volumen de charca, y las
tasas de supervivencia en charcas se correlacionaron con el tamaño en el momento de la
metamorfosis. Por lo tanto, en el conjunto de masas de agua analizado, algunas charcas
son cruciales para el reclutamiento y el éxito reproductor y deben ser principal objeto de
cualquier proceso de monitorización o esfuerzo de conservación que se lleve a cabo.
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,QWURGXFWLRQ
Fecundity and maternal investment are among the most important life history
traits. They are key factors to measure the fitness of populations (Godfray et al. 1991).
Egg production is expensive in terms of energy resources. Therefore, females of
oviparous species must optimise egg production; but also the choice of optimal egg
deposition sites is crucial to maximize their reproductive output, especially if a wide set
of habitats of different qualities are available. The choice of the potentially best egg
deposition site, understood as the one at which the highest rate of juvenile recruitment
can be obtained, will suppose a relevant increase of the fitness of the individual female.
Several studies have addressed the identification of amphibian habitat
preferences (Beebee 1985, Pavignano et al. 1990, Ildos & Ancona 1994, Hecnar &
M’Closkey 1996, Marnell 1998, Bradford et al. 2003). However, most of these were
focused on the distribution or spawn site selection of certain species, paying no attention
to the suitability of positively selected reproductive habitats for the survival of the
subsequent developmental phases or juvenile recruitment. The field reproductive
success and survival of earlier amphibian stages have been studied in many species
(e.g., Turner 1960, Herreid & Kinney 1966, Calef 1973, Licht 1974, Bell & Lawton 1975,
Banks & Beebee 1988, Richter et al. 2003), but most of these works were restricted to a
reduced number of ponds.
The common frog, 5DQD WHPSRUDULD, is a widespread Palearctic amphibian that
shows a huge degree of phenotypic plasticity in early stages. These can be a
consequence of overcrowding, habitat size, pond drying, temperature, chemistry,
presence of predators, genetics or food quality (e.g. Guyetant 1975, Laurila et al. 1998,
Laurila & Kujasalo 1999, Merilä et al. 2000, Loman 2002, Laurila et al. 2002, Räsänen et
al. 2002, Vences et al. 2002). High altitude populations of this species are characterized
by several trade-offs in life-history traits as compared to lowland populations, like shorter
activity periods (Elmberg 1991, Ryser 1996, Miaud et al. 1999, higher longevity
(Elmberg 1991, Miaud et al. 1999), older age at first reproduction (Ryser 1996, Miaud et
al. 1999), larger (Kozlowska 1971, Miaud et al. 1999) or smaller average body size
(Beattie 1987; no altitudinal trend according to Elmberg 1991), slower growth rate
(Ryser 1996, Miaud et al. 1999), faster embryonic development (Angelier & Angelier
1968, Beattie 1987; no differences found by Brand & Grossenbacher 1979), and faster
larval development (Brand & Grossenbacher 1979; no differences found by Holms
1982).
In this paper we analyse the larval abundance, mortality and recruitment of early
stages of the common frog, 5DQD WHPSRUDULD in a high altitude pond network in the
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Spanish Pyrenees. In this area, 5DQDWHPSRUDULD reaches its altitudinal distribution limit,
and has a wide set of different ponds available for breeding. In a previous work (chapter
6) we have analysed the habitat determinants for frog reproduction and presence of
various life history stages in this area. Here we complement these data with the results
of quantitative survival analyses for most of ponds and lakes in which common frog
reproduction has been recorded. We analyse the effects of environmental factors on
mortality and recruitment rates in the context of source-sink models, and possible
consequences for monitoring and managing high altitude amphibian populations.
0DWHULDODQGPHWKRGV
6WXG\DUHD
Fieldwork was carried out in 2001 and 2002 in the Circo de Piedrafita area,
central Pyrenean mountains, Aragón, Spain (42º 48'53'
'N, 00º 16'53'
'W). Study place
and water bodies characteristics were described in detail elsewhere (Vences et al. 2000,
2002a, chapter 6). The area includes a high number of glacial ponds and lakes in which
5DQDWHPSRUDULD reproduces. Water bodies are distributed between 2000 m and 2900 m
but the common frog has its altitudinal distribution limit at about 2600 m (2569 m) and its
highest reproducing population at 2516m (Ibones de la Facha) (Vences et al. 2003).
&OXWFKHJJWDGSROHLPDJRDQGMXYHQLOHFRXQWV
The presence of reproduction was surveyed in 100 water bodies, usually by
observation of clutch masses or amplecting pairs. Since our sampling was done during
the complete activity period of the frogs in the study year, we were able, to count the
number of clutches and assess how many clutches died by desiccation. For the global
population summary (Table 1) we show data on the 100 lakes, but for the rest of
calculations we used 80 lakes for which we have complete datasets.
Manual field counts of eggs per clutch were performed for 68 clutches from the
study area, and the average value extrapolated to the remaining clutches. Banks &
Beebee (1988) distinguished three different types of egg mortality in amphibians:
gamete failure resulting in infertile oocytes (IF), unviable eggs dead on deposition
(DOD), or a failure in development (DF). The number of dead eggs per pond was pooled
for these three categories. In 23 ponds the dead eggs were counted egg-by-egg. For
the rest of the 100 water bodies, we estimated the percent of dead eggs by
extrapolating data from 28 complete clutches of 5 WHPSRUDULD (10438 eggs; mean
373±96 eggs per clutch) which were reared until hatching in separate small aquaria.
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From all water bodies in which reproduction was surveyed, we were able to
record the absence/presence of tadpoles in 99 water bodies. In large ponds the number
of tadpoles was estimated by marking with neutral red staining (ca. 5 min in 0.05-0.1%
neutral red solution; Cooke 1976) of a large sample of tadpoles and a recapture
estimate on the following day (Petersen 1896). In small ponds the tadpoles were
counted one by one or, in a few ponds, their number estimated my dividing the pond in a
grid of 25 x 25 cm, counting tadpole numbers in at least five grids, and extrapolating it
for the remaining grid cells.
Metamorphosing specimens and metamorphosed juveniles in their first summer
are here named imagos according to Dubois (1978). In large water bodies, imagos were
marked by toe clipping, and their number estimated by two subsequent capturerecapture processes. We used the data to calculate weighted mean population
estimates (Seber 1973) and their standard errors (Begon 1979). A second imago
estimate was made in the beginning of October, and an estimate of first-year juveniles
was carried out at the end of June of the following year (2002).
Distinction between primary and secondary ponds was made on the basis of
observed clutch distribution per ponds (Fig. 1) and considering the presence of juveniles
from previous years. We defined primary lakes as those (1) in which more than 10
females laid clutches and in which juveniles from previous years could be recorded, and
(2) some ponds in which a high number of females, between 12 and 149, laid eggs
although no juveniles of previous years were found. Secondary lakes were those with
less than 10 clutches and without or with a very reduced number of juveniles from
previous years. In the following, these terms will be used as defined here, and their
utility will be discussed later on.
Eight different primary ponds and one secondary pond were analyzed in more
detail. These included three medium sized lakes and five smaller ponds, which are the
major reproductive waterbodies in the study area, with 51.6% (620) of the overall
number of clutches.
,QGHSHQGHQWYDULDEOHV
A total of 35 independent variables were recorded from the water bodies. These
included several geographic measures: elevation (m above sea level), longitude (m) and
latitude (m); physical and chemical water variables: pH, temperature (ºC), conductivity
(uS/cm), % dissolved O2, dissolved O2 (mg/L), Al (mg/L), Ca (mg/L), Fe (mg/L), K
(mg/L), Mg (mg/L), Na (mg/L), P (mg/L), S (mg/L), NH4 (mg N/L), NO2- (mg N/L), NO3(mg N/L) and turbidity (estimated by eye on an arbitral scale from 0 (cristaline water) to
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5 (turbid) (Marnell, 1998); lake morphology: surface (m2), perimeter (m), ratio
surface/perimeter, volume (m3), maximum depth (m), and mean depth (m). Further
variables were recorded from the bottom of each water body, like surface covered by
submerged grass/aquatic vegetation (m2), mud (m2), sand-gravel (m2), stones (m2);
percent of the open water; surrounding terrestrial habitats: surface covered by grassland
(m2), shrubs (m2), stones (m2), bog (m2) in the 5 proximal meters to the lake.



6WDWLVWLFDODQDO\VHV

Non-parametric statistics (Mann-Whitney 8 tests) were used to test for
differences between the two groups of water bodies considered. Spearman nonparametric correlations and simple regression models were done between dependent
and independent variables. One-way ANOVA was also used to test for differences
between mean imago size and weight between ponds.
Tests for normality were performed for continuous variables, and in 26 of them a
log transformation was necessary to normalize distributions; these included:
conductivity, Al, Ca, Fe, K, Mg, Na, P, S, NH4, NO2-, NO3-, surface, perimeter, ratio
surface/perimeter, volume, maximum depth, mean depth, submerged grass, bottom
mud, bottom sand-gravel, bottom stones, surrounding surface of grassland, shrubs,
stones, and bog. All analyses were performed in SPSS 10.0.6.

Figure 1: Number of clutches per pond in the Circo de Piedrafita area. Black bars
illustrate primary ponds (Q = 22) and grey bars illustrate secondary ponds (Q = 78).
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5HVXOWV
*OREDODQDO\VLV
We were able to count the number of clutches and eggs in 100 waterbodies. The
total number of clutches in the whole glacial basin was 1201, with an estimated total egg
number of 469047±118199 eggs. Table 1 summarizes the clutch parameters for the
whole area and gives separate estimates for secondary and primary ponds. Primary
ponds were less numerous and larger as compared to secondary ponds. The overall
number of clutches laid in primary ponds was over four times higher; although the
density of clutches per pond surface was higher in secondary ponds.
For 80 water bodies we collected also data on egg mortality and estimated the
numbers of tadpoles and emerged imagos. Table 2 summarizes the changes in
offspring population size in primary and secondary ponds, from egg to metamorphosis.
The number of clutches and the estimated number of eggs was significantly higher in
primary ponds as compared to secondary ponds (both 865,15 = 0.0, 3 < 0.001).
Independently from the size of the lake, clutches were usually laid in shallow waters next
to the shore. Decreasing water level therefore often led to the death of a large
proportion of clutches. Although more secondary ponds dried up before hatching of
tadpoles, the overall number of eggs died through dessication was higher in primary
ponds (865,15 = 311, 3 < 0.05). The total number of dead eggs was higher in primary
ponds (865,15 = 70, 3 < 0.001), but the percentage of tadpoles did not differ significantly
between the two categories of ponds (865,15 = 402.5, 3 > 0.1). Several other parameters
were not significantly different between primary and secondary ponds: tadpole density
calculated using pond surface (865,15 = 468, 3 > 0.5) or using water volume (865,15 = 455,
3 > 0.5), or tadpole death by desiccation (865,15 = 458, 3 > 0.5).

Number of ponds
Average pond size (m2)
(range size)
Total number of clutches laid
Mean number of clutches per pond
Mean number of clutches per 100
m2

Primary
22
4857
(8.3-60826)
979
45±40

Secondary
78
31
(0.7-292)
222
3±2

Total
100
936
(0.7-60826)
1201
12±25

55

95

87

Table 1. Analysed ponds with reproduction and population summary for the whole study
area.
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Mean total eggs
Gamete & developmental failure
(DOD, IF, DF)
Spawn desiccation
Other causes
Total death eggs
Total hatch
Tadpole desiccation
Imagos
Imagos per clutch
Imagos per m2 water
Imagos per m3 water
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Primary
291071

Secondary
73481

Total
364552

59892

16295

76187

36554
74910
171356
119715
6500
64635
89
36
157

20515
7786
44596
28885
14946
5676
29
18
165

57069
82696
215952
148600
21446
70311
76
22
163

Table 2. Mean estimates for the different phases during the first pre-winter period for 80
ponds for which the complete data was available. Mortality due to primary factors is
shown. Note that final imago survival in August is given per clutch, pond area and pond
volume.

In contrast, imago emergence was 11 times higher in primary ponds, and the
percentage of eggs that survived until the imago stage was also significantly higher in
primary ponds (865,15 = 468, 3 < 0.05). Productivity measurements using different
methods (imagos per clutch, per pond surface and pond volume) did not reveal a
congruent picture: whilst thenumber of surviving imagos per clutch was three times
higher in primary ponds, the number of imagos per pond surface was only two times
higher, and the number of imagos per water volume was almost the same in the two
pond categories.
Figure 2 illustrates the success of hatching of tadpoles and metamorphosis of
imagos in primary and secondary ponds. Hatching success, expressed as percent of
eggs that reached tadpole phase, did not differ significantly between primary and
secondary ponds (865,15 = 402.5, 3 > 0.1). More than 60% of secondary lakes had no
imago emergence, while in the 73% of primary lakes emergence happened. Although in
both groups of ponds there was no metamorphosis success higher than 67%; success,
understood as the percent of metamorphs from the original egg total, was significantly
higher in primary ponds than in secondary ones (865,15 = 318, 3 < 0.05).
The overall mortality in the study area during the different developmental phases
is summarized in figure 3. During the egg phase, the major causes of mortality were
developmental failure and desiccation. Table 2 shows significant non-parametric
Spearman correlations after Bonferroni correction among population parameters and
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habitat determinants. Most of the population variables were autocorrelated between
each other, and, although significant, all correlations of population variables with
environmental factors were relatively low.





Figure 2: Success rates of hatching of eggs and of metamorphosis of imagos in primary
and secondary ponds.


$QDO\VLVRISULPDU\SRQGV
Table 3 shows the evolution of survival from egg to the first year of life after
winter period in eight primary and one secondary ponds that were studied in more detail.
Except for the major reproductive lake (number 6), the percentage of survival of firstyear juveniles was less than 0.5% in all of these water bodies, and in some of them no
recruitment was observed at all. The water bodies show different patterns of mortality
among developmental phases, but the imago phase (thus the period after emergence
and before the first winter) seems to imply the highest rates of mortality and therefore to
be crucial for the recruitment processes.
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Figure 4 shows the size distribution of immature terrestrial phases (imagos and
first-year juveniles). In most histograms corresponding to July and August, there is one
distinct high peak that corresponds corresponding to newly metamorphosed imagos.
Size and weight of imagos immediately after metamorphosis were measured in all nine
ponds (Fig. 5). Both size (ANOVA ) = 489.147, d.f. = 8, 3 < 0.001) and weight (ANOVA
) = 346.087, d.f. = 8, 3 < 0.001) showed significant differences between ponds. Tukey
post-hoc comparisons showed highly significant differences (3 < 0.001) between all
ponds except between ponds 5, 6 and 7. Concerning weight, the post-hoc comparisons
gave not significant differences between ponds 5, 6 and 7, and between 4 and 7, but all
other comparisons were highly significant (3 < 0.001). The observed differences in
weight and size between ponds were negatively correlated with temperature and tadpole
density in ponds (Fig. 6). Mortality rates of juveniles in the pre-winter period were not
correlated with size or weight (3 > 0.05), but post-winter survival of juveniles was at the
limit of significance to be considered as correlated with size and weight (for both, r =
0.71, 3 = 0.05).

Fig. 3: Survival curves for the global study area (dashed line), and for primary ponds
(black rhomboids), and secondary ponds (black squares). In secondary ponds, less than
10% of the offspring survived the aquatic phase, while in primary lakes the percentage
was around 20%.
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'LVFXVVLRQ
In this study we give for the first time data on the quantitative variability in 5DQD
WHPSRUDULD recruitment rates and larval abundances for a whole pond network that
covers a variety of types and sizes of ponds and lakes. Reproductive ponds presented a
wide set of differential features which in part were found to influence recruitment rates.
The global analysis yielded an estimate of 70927 imagos in August 2001 (15.1% of total
number of deposited eggs), but only about 2100 (2.96%) of these survived their first
winter. Hence, only 0.45% of the total estimated number of eggs laid in the study area
gave rise to first-year juveniles.
Relating these values to clutches, the mean survival rate after the first winter was
of 1.75 eggs per clutch in the whole glaciar basin. Looking at the nine water bodies
studied more in detail, this value was strongly different between primary and secondary
ponds: 0.1 versus 1.65. This difference was mainly due to the high values in one pond
(number 6).
Assuming that each female lays one clutch per year and that females can
reproduce for a period of 7 years at high altitudes (Miaud et al. 1999), this indicates an
average reproductive output of 2 descendants per year and female, and 14 descendants
during the whole life of a female. These values of course can change among more or
less successful years (e.g. Richter et al. 2003), but still they do not include the further
mortality rates until sexual maturity, which is probably reached in the 4th or 5th year of
life.
Reproductive success has usually been defined as the appearance of at least
one imago at the pond (e.g. Banks & Beebee 1988, Richter et al. 2003). In our study
area, using this definition, mean reproductive success (percentage of eggs surviving to
the imago phase) was 15.1%, with a high variance as most of the ponds had very low
success and others values above 50%. In comparison with previous studies in anurans,
this value is relatively high: between 0 and 8.5% in 5DQDSUHWLRVD(Turner 1960); 3.7% in
5 V\OYDWLFD (Herreid & Kinney 1966); 5% in 5 DXURUD (Calef 1973); <1 to 5.2% in 5
SUHWLRVD, <1 to 4.8% in 5 DXURUD (Licht 1974); between 2.6 to 6.7% in 5 WHPSRUDULD
(Riis 1991); between 0.35 and 5.36% in 5VHYRVD (Richter et al. 2003); around 10% up
to 58% in %XIRFDODPLWD (Banks & Beebee 1988). However, by considering the complete
imago phase, sensu Dubois (1978), the reproductive success decreased significantly:
down to 0.45% for the first year of life of juveniles in our study area.
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Figure 4: Size-frequency distributions of juveniles measured at the nine ponds that were
studied in more detail. Measurements were done after imago emergence, after prewinter period and after first-winter period, except in the primary reproductive lake
(number 6) in which a further measurement before imago emergence was carried out.
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Survivorship of amphibian immature stages can be density dependent (Wilbur
1977, Dash and Hota 1980, Semlitsch & Caldwell 1982, Goater 1994), or affected by
timing and length of pond hydroperiod until drying (Smith 1983, Semlitsch, 1987, Banks
& Beebee 1988, Pechmann et al., 1989, Rowe and Dunson, 1995, Loman 1999, Richter
et al. 2003), water temperature (Laugen et al. 2003), water chemistry (Beebee 1985b,
Clark et al. 1985, Freda 1986, Leuven et al 1986, Viertel 1999, Räsänen et al. 2002),
competition (Smith 1983, Griffiths et al. 1991, Relyea & Hoverman 2003), predation
(Smith 1983, Woodward 1983, Banks & Beebee 1988, Hamer et al. 2002), or other
natural factors like increase of UV-B radiation (e.g. Lizana & Pedraza 1998). For 5DQD
WHPSRUDULD at high altitudes, about 60% of the offspring died during the egg phase,
mainly by pond desiccation and gamete and developmental failure,. A further 20% died
before metamorphosis, resulting about 80% of mortality during the aquatic phase. Riis
(1991) found, in 5DQDWHPSRUDULD, that the aquatic phase is very important for population
regulation, with high mortality rates of tadpoles, as they are known also from other
amphibian species (e.g. Smith 1983, Banks and Beebee 1988). However, in our study,
the highest mortality rates were observed in the first year of the terrestrial phase.

5DQD WHPSRUDULD, as other amphibians, shows a high degree of phenotypic
plasticity in early stages (e.g. Laurila et al. 1998, Laurila & Kujasalo 1999, Merilä et al.
2000, Loman 2002, Laurila et al. 2002, Räsänen et al. 2002, Vences et al. 2002). Size at
metamorphosis determined herein was in the range reported before for the species (e.g.
9 to 11 mm, Sternfeld 1952; 12-13 mm, Gislén & Kauri 1959; 8 to 17mm, Koskela 1973;
between ca.10 to ca.18 Loman 2002). However, the weights of the imagos observed by
us (0.06 to 0.62 g) were very low in comparison with other populations: e.g., 0.12-0.17 g,
mean 0.15 g (Koskela 1973). We observed distinct size and weight differences among
ponds, while size was relatively uniform within ponds.
Both size and weight were significantly negatively correlated with tadpole density
and temperature, as it has been reported before in 5DQD WHPSRUDULD and other
amphibian species (Koskela 1973, Goater 1994, Newman 1994, Loman 2002). It also
has been demonstrated that high tadpole densities lead to smaller sizes and negatively
affect survival (Semlitsch & Caldwell 1983, Goater 1994, but see Smith 1987). In our
dataset, post-winter survival of juveniles was at the limit of significance for correlation
with size and weight, suggesting that higher winter mortalities could be related to smaller
imago sizes.
The term source population has been coined for those populations in which
reproduction, via recruitment, can balance mortality, and which can support other
populations with emigrants; these other populations, with more deaths than births over a
year are considered as sink populations (Pulliam 1988, Watkinson & Sutherland 1995,
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Walters 2001). By strictly applying these definitions to our studied lakes, and
considering the ponds as patches (Marsh & Trenham 2001), almost all of our primary
lakes actually harboured source populations, because at least they produced a few
juveniles that survived their first year, and because in some of them emigration
processes were observed (see below). Nevertheless, the important differences
observed between the eight major reproductive waterbodies (Table 3) suggest that a
high percentage of the recruitment in this metapopulation is maintained by one single
pond that therefore acts as the major source of juveniles.

Pond
1
2
3
Total egg estimate
17904 25364 26483
% alive eggs
59.6
68.5
49.4
% alive tadpoles July 29.0
58.2
26.4
% imagos August
27.9
50.6
14.9
% imagos October
0.0
0.1
1.1
% juveniles 1st year
0.0
0.3
0.4

4
373
18.8
18.8
16.1
0.0
0.0

5
14920
95.0
46.9
-

6
7
8
9
76969 44387 13801 32824
85.0
70.6
42.0
83.6
77.7
9.0
6.5
30.5
41.8
7.0
4.8
7.1
1.8
0.2
1.3
1.0
2.1
0.2
0.1
0.4

Table 4: Survival rates for the different phases in the nine ponds that were studied in
more detail. Data is shown for the surviving eggs before hatching; tadpoles in July;
imago emergence; pre-winter imagos; and juveniles that survived their first winter. Note
that in ponds 2 and 6 the percentage of juveniles increased after the first winter,
probably due to migration processes from adjacent ponds. Dashes represent missing
data.

In the present paper, we used the terms “primary” and “secondary” for two
different sets of ponds both of which, a priori, have the potential for recruitment. Our
secondary ponds were probably real sinks as recruitment was very low or absent.
However, between the primary lakes this pattern was not homogeneous, and there was
a high variation of recruitment, despite the high reproductive investment in terms of
clutches laid in each of these ponds. Migration processes, as detected between ponds
by differential marking of juveniles (unpublished observations), showed that some
juveniles from ponds 7, 8 and 9 migrated to pond 6, probably because it has better
characteristics for juvenile survival (bogs, inundated areas, higher prey availability;
Vieites unpublished).

Figure 5: Box plots of imago size (mm) and weight (g) for the nine ponds that were
studied in more detail. Boxes show median, cuartiles and standard deviation. Black
circles show extreme values and black arrow the secondary pond for comparison.
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High altitude populations of 5DQDWHPSRUDULD often inhabit almost pristine areas
with very low human disturbance. In the context of the phenomenon of global
amphibian declines, it has been observed that especially montane amphibian
populations are disappearing from virtually undisturbed and protected areas (Bradford
1991, Wake 1991, Blaustein & Wake 1995, Bosch et al. 2001, Martínez-Solano et al.
2003). Our results show that the 5WHPSRUDULDpopulation studied here has a low rate of
recruitment during the first year. Most of the reproductive frog population is concentrated
in a few medium-sized lakes, being the Ibón de las Ranas (number 6), the one with
highest recruitment. In these lakes, local fishermen tried to release trouts during several
summers which were observed to consume adult frogs and tadpoles. Fish are known to
be a potential cause of local population declines (e.g. Matthews et al. 2002).

Figure 6: Scatter plots of the relationships between temperature and SVL (D) and weight
(E), and between tadpole density (tadpoles/m3, logarithmic scale) and SVL (F) and
weight (G). Spearman correlations were –0.80 for D (ANOVA ) = 12.19, d.f. = 7, 3 =
0.01), -0.83 for E (ANOVA ) = 16.11, d.f. = 7, 3 < 0.01), -0.80 for F(ANOVA ) = 12.49,
d.f. = 7, 3 < 0.01), and -0.72 for G (ANOVA ) = 7.39, d.f. = 7, 3 < 0.05).
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Our results suggest that the pond network constitutes a real system in which both
primary and secondary ponds are linked by juvenile and adult migration processes, and
should be considered as a unit for monitoring and managing populations. However, it
seems clear that the disappearance of frog populations from primary ponds may
strongly affect the whole recruitment dynamic and compromise the long-term survival of
this metapopulation, and these primary ponds should therefore be in the center of any
conservation effort.
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Table 3: Correlations between population parameters and different environmental
determinants. Values are only shown for significant correlations after Bonferroni
correction.

Nº of clutches
Nº of eggs
Dead eggs by desiccation
Dead eggs by DOD IF DF
Dead eggs total
Nº of tadpoles
2
Tadpole density (m )
3
Tadpole density (m )
% Hatch
Dead tadpoles by
desiccation
Imagos
% metamorphosis
Temperature (ºC)
3NO
2
Area (m )
3
Volume (m )
Submerged grass /aquatic
2
vegetation (m )
2
Bottom mud (m )
2
Bottom sand-gravel (m )
2
Bottom stones (m )
% Open water
2
Grassland (m )
2
Shrubs (m )
2
Stones (m )
2
Bog (m )

0.83
0.83
-

Dead
tadpoles
desiccation
0.39
0.41
-

-

-

-

-

-

-

-0.36
-

0.52
0.56
-

-0.50
-

0.94
-

-

-

-

-

-

-

-

-

-0.46
0.35

-0.37
-

-0.38
-

-0.46
-

-

0.49
0.41
0.49
0.39
-

0.44
0.34
0.36
0.29
-

0.70
0.66
0.83

Tadpole
density
2
(m )
-

Tadpole
density
3
(m )
-

-

0.39

-

0.68
0.57
-

-

-

0.45
0.39
0.42

-

-

-

-

-

0.51
-

Nº of
clutches

Nº of
eggs

Dead eggs
desiccation

Dead eggs
DOD IF DF

Dead eggs
total

Tadpole
number

1
0.36
0.37
0.66
0.60
-

0.36
0.37
0.66
0.60
-

0.63
-0.38
-0.41
-0.40

0.39
0.49
-

-

-

-

-

-

0.44
0.52
0.51

0.44
0.52
0.51

0.29
-

0.37
-

0.38

0.38

0.46
-0.35
0.47
-

0.46
-0.35
0.47
-

% Hatch

%
Imagos metamorphosis
0.43
0.48
0.38
0.45
-
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6XPPHU PLFURKDELWDW XVH DQG GLHO DFWLYLW\ F\FOHV LQ D KLJK DOWLWXGH 3\UHQHDQ
SRSXODWLRQRI5DQDWHPSRUDULD
$EVWUDFW
A common frog (5DQD WHPSRUDULD) population in the Circo de Piedrafita, Aragón,
Spain, altitude 2200 m, was studied during July, 1998. Adult and juvenile frogs clearly
selected positively moist types of microhabitat, and avoided dry substrates such as
pastures and rocks. Marshes and puddles were the preferred microhabitat of both adults
and juveniles; the shores and water body of a larger pond were positively selected by
adults but much less so by juveniles. Regular surveys during seven study days indicated
that adults showed both diurnal and nocturnal activity, whereas juveniles were more
strictly diurnal. The percentage of adults observed at night in the pond was negatively
correlated with the minimum air temperature. The rather aquatic habits and diurnal
activity patterns appear to differ from low-altitude populations of 5WHPSRUDULD. They are
discussed as adaptations to the lack of humid substrate (forest leaf litter) at high
altitudes, and to the extreme and unpredictable climatic conditions (low nocturnal
temperatures, sudden steep temperature decreases at night) in montane environments.
5HVXPHQ

Durante el mes de Julio de 1998 se estudió una población de alta montaña de 5DQD
WHPSRUDULD, situada a 2200m en el Circo de Piedrafita, Aragón. Tanto las ranas adultas
como juveniles seleccionaron los hábitats más húmedos, evitando sustratos secos como
pastos y rocas. Las zonas encharcadas e inundadas fueron los microhábitats preferidos
por adultos y juveniles; los adultos se encontraron en las orillas y dentro del agua, si
bien estos lugares fueron seleccionados en menor medida por los juveniles. Mediante
visitas regulares durante una semana completa se observó que el patrón de actividad
de los adultos no se reduce al día, estando también activos por la noche, si bien los
juveniles fueron estrictamente diurnos. El porcentaje de adultos activos observados de
noche se correlacionó negativamente con la temperatura mínima del aire. Los hábitos
principalmente acuáticos de 5DQDWHPSRUDULD en alta montaña parecer diferir en cuanto
a los de baja altitud. Estos patrones pueden ser debidos a la falta de un sustrato
húmedo en alta montaña, como es la hojarasca de los bosques caducifolios donde es
frecuente la especie en bajas altitudes, así como a las condiciones climáticas extremas
e impredecibles (bajas temperaturas por la noche, rápidos e importantes descensos de
temperatura por la noche) en zonas de alta montaña.
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,QWURGXFWLRQ
The common frog, 5DQD WHPSRUDULD is certainly one of the best studied
European amphibian species concerning its ecology and biology. The wide array of
available literature (see GrossenbacherHWDO, 1988) allows for geographical, altitudinal
and temporal comparisons of common frog ecology (Miaud HWDO 1999). The species can
thus be considered as a good model organism to survey the impact of human activities,
landscape transformations and other factors on amphibian populations, especially
considering the recently discussed trends of global amphibian declines (e.g. Wake 1991,
Blaustein & Wake 1995).
Publications on common frog ecology mostly concern populations and their
dynamics during the breeding season (e.g. Haapanen 1970, Cooke 1975,
Grossenbacher 1980, Pascual & Montori 1981, Hintermann 1984, Ryser 1986, Kneitz
1998) and phenology (Balcells 1957, 1975, Haapanen 1982, Bea HW DO 1986, Beattie
1987). Few papers have analysed the ecology of the species in its summer habitat, and
the published studies (e.g. Loman 1978, 1980, 1984, Strijbosch 1980, Pasanen HW DO
1993, Kneitz 1998) generally refer to low-altitude populations in partly forested areas.
Populations of 5 WHPSRUDULD in alpine environments, such as the northernmost
distribution border or high mountain areas, have been studied in the context of shifts of
their breeding season (Balcells 1957, 1975), larval and breeding adaptations (Aebli
1966, Combes 1967, Angelier & Angelier 1968, Brand & Grossenbacher 1979),
adaptations to wintering under extremely cold conditions (Pasanen & Karhapää 1997,
Laitinen & Pasanen 1998, Pasanen HW DO 1998), age structure (Ryser 1996), and time
allocation during breeding (Elmberg & Lundberg 1991).
Many of the recently detected amphibian declines seem to affect montane
populations of amphibians, such as 5DQDFDVFDGDHin North America (Blaustein & Wake
1995) or the genus $WHORSXV in South America (Lötters 1997). This may be partly due to
increasing ultraviolet radiation, which has been demonstrated to be a contributory factor
in the death of eggs and embryos of several species (e.g. Blaustein HWDO 1994, Pedraza
& Lizana 1997). Knowledge of the natural adaptations of high-mountain amphibian
populations may therefore be important to develop adequate measures in the case of
their possible future declines. In the present paper, we analyse microhabitat choice and
diel activity cycles in a population of 5DQDWHPSRUDULD at 2200 m altitude in the Pyrenean
mountain range.




Chapter 10:

        

193

0DWHULDOVDQG0HWKRGV



6WXG\DUHD

Studies were centred around the Ibón de las Ranas, a medium-sized glacial
pond (water surface ca. 170 x 60 m; maximum depth 5 m), which is situated at ca. 2200
m altitude in the Circo de Piedrafita, western Pyrenees, Aragón, Spain (42º49'N,
0º17'W). All observations were carried out in July, 1998. In this period, in the pond, a
large number of tadpoles were present which began to metamorphose on 29 July. 5DQD
WHPSRUDULD were common in and around the pond, and could clearly be classified into
two size/age classes, juveniles (snout vent length 15-26 mm) and adults (snout-ventlength >50 mm); only very few intermediate, subadult specimens were seen (Vences HW
DO1999).


0LFURKDELWDWFKRLFH

A study area of 250 m x 150 m (3.75 ha), with the pond in its centre, was divided
into 60 plots of 25 m x 25 m. Four of the plots were located in the centre of the pond
(100% plot surface made up by water). These plots could not be prospected and were
therefore excluded from further analysis. For each of the remaining 56 plots we
estimated the percentage of surface covered by a certain microhabitat (type of substrate
or vegetation). The distinguished microhabitats were: (1) pastures on granitic stony soils
(dominated by )HVWXFD HVNLD and 1DUGXV VWULFWD, with 7ULIROLXP DOSLQXP &RQRSRGLXP
PDMXV $UPHULD SXELQHUYLV +LHUDFLXP SLORVHOOD -DVLRQH ODHYLV and other plants); (2)
scree (smaller loose rocks, partly only gravel-like, covering the surface, mainly on some
slopes within the study area; partly with scattered specimens of 6LOHQH UXSHVWULV
&DUGDPLQH UHVHGLIROLD and /HXFDQWKHPRSVLV DOSLQD); (3) pond (surface of the Ibón de
las Ranas); (4) rock surface (parts of the surface made up by pure rock, which were
generally at the same level as the surrounding substrate and not in the form of loose
boulders); (5) boulders (large loose rocks, some of more than 2 m diameter, covering the
surface, mainly on some slopes within the study area); (6) subalpine shrubs (made up
almost exclusively by low (< 1m) bushes of 5KRGRGHQGURQ IHUUXJLQHXP, with some
specimens of 9DFFLQLXPP\UWLOOXV); (7) pond shore (shore of the Ibón de las Ranas, with
a vegetation similar to that at the brook borders; generally, due to wind effects, the water
dug out deep hollows under the shore which were used as refugia by amphibians and
other animals); (8) dry brooks (very small brooks in which, during the study period, no
water was present except after rain); (9) scattered pines (single specimens or small
groups of 3LQXVXQFLQDWD); (10) rocky pond shore (partly, the pond shore was made up
by big boulders and scree, without any vegetation); (11) brooks (very small and shallow
brooks running from and to the pond, generally of less than 1.5 m width; vegetation at
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the borders largely similar to that recorded for the marsh areas, except the lower
incidence of mosses); (12) marsh, including some small puddles (characterized by
presence of different mosses, e.g. &UDWRQHXURQFRPPXWDWXP and other plants adapted
to humidity such as &DUH[IXVFD, &DUH[IULJLGD-XQFXVDUWLFXODWXV&DWDEURVDDTXDWLFD
6D[LIUDJD VWHOODULV /HRQWRGRQ S\UHQDLFXV (SLORELXP DOVLQLIROLXP 'DFW\ORUKL]D
PDFXODWD).
We carried out four surveys of the entire study area on 18 July (1200-1400), 22
July (1900-2100), 27 July (2300-0100) and 28 July (0700-0900). Plots were surveyed in
random order; each plot was intensively surveyed during 5 min by two researchers (but
without looking under stones or into similar refuges). We recorded every encountered
frog specimen (distinguishing between adult and juvenile/subadult frogs) and the plot
and microhabitat in which it was first observed. Observed frogs were considered as
active as (1) we regularly saw feeding activity during day and night, and (2) it is unlikely
that specimens would expose themselves to the risk of predators and climatic changes if
not to actively feed, thermoregulate or migrate. Due to the absence of forest and dense
vegetation in the study area, visibility of frogs was similar in most microhabitat types.
Only in "boulders" some frogs may have been overlooked during the day due to the large
number of holes and crevices into which they could escape before being recorded.
However, as during the nocturnal surveys (when frogs were generally easier to
approach) no individuals were found in "boulders", it can be excluded that the lower
diurnal frog visibility in this microhabitat may have influenced our results in a relevant
way.
The percentages of area covered by different microhabitat types in the whole
study area were statistically compared to the number of individuals recorded in each
microhabitat type. We calculated the expected numbers of individuals for each
microhabitat type (as null-hypothesis, assuming that the number of individuals should be
proportionally equivalent to the surface covered by the microhabitat type), and compared
them with the observed numbers using Chi-square tests (e.g. Castilla & Bauwens 1992,
Galán 1994). To get an estimation of the degree to which certain microhabitat types
were preferred, we calculated Ivlev'
s electivity index (Ivlev 1961, see also Cock 1978,
Krebs 1989).



$FWLYLW\

To record frog diel activity, we surveyed the numbers of adult and juvenile
specimens along the pond shore during seven days (18, 19, 22, 23, 24, 26, 28 July) at
three-hour intervals (eight surveys per day). We distinguished between frogs sitting (1) in
the water, (2) on the shore (< 1 m from the water; generally frogs which needed only one
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jump to reach the water), and (3) frogs sitting 1-3 m from the water. Water temperature
(± 0.1°C) was measured at one shallow plot (water depth ca. 10 cm) of the Ibón de las
Ranas at the end of each survey using a digital thermometer. Data of minimum and
maximum air temperatures were obtained from the Respomuso metereological station.
Each 24 h interval was completed by the same researcher or team of researchers
(mostly two persons). Data are therefore comparable within each 24 h interval, but
comparison of numbers among the seven days must be done more cautiously as
different workers had a different ability to see frogs.

5HVXOWV



0LFURKDELWDWFKRLFH

In the four surveys, a total of 2537 observations were made (677 adults, 1860
juveniles). 5DQDWHPSRUDULD used all microhabitats available in the study area except for
“scattered pines”. In “scree” and “boulders”, only one or two inviduals were observed,
respectively (Table 1). Numbers of total observations (adults + juveniles) in the different
microhabitats were not directly related to the area covered by each microhabitat type.
This result is highly supported by the statistical analysis (Chi-square = 70691.5, df = 10,
P < 0.0001; microhabitat type "scattered pines" excluded from analysis). Considering
adults and juveniles together, many more specimens than expected by chance alone
were observed in the microhabitats “pond shore”, “rocky pond shore”, “marsh/puddles”,
“brooks”, and “dry brooks”. On the contrary, fewer individuals than expected were seen
in the microhabitats “pastures”, “subalpine shrubs”, “boulders”, “scree”, and “rock
surface”. Highly significant differences were found when comparing the numbers of
adults and juveniles found in each microhabitat type (Chi-square = 21250.1, df = 8, P <
0.0001; microhabitat types "scattered pines", "boulders" and "scree" excluded from
analysis). Most adults were observed in the “pond” microhabitat (43% of the
observations) which harboured almost no juveniles (1%). On the other hand, juveniles
were mainly observed in the “marsh/puddles” (38%) and “brooks” (24%) microhabitats
which were used only by few adults (7% and 4%, respectively).
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Table 1Absolute and relative (in percent) numbers of adult (Ad.) and juvenile (Juv.) 5DQDWHPSRUDULD observed during four surveys
in late morning (1), afternoon (2), night (3) and early morning (4) in the study area, separately for 12 microhabitat classes as defined
in the Materials and Methods section.
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Ivlev’s electivity indices are summarized in Table 2. They indicate the degree by
which the number of frogs observed in a certain microhabitat differs from the number
expected by the area covered by this microhabitat when assuming a random distribution
of frogs. In adult 5 WHPSRUDULD the highest values were those of the microhabitats
“marsh/puddles”, followed by “pond shore”, “rocky pond shore”, “brooks”, and “pond
surface”. The remaining microhabitat types were used less frequently than expected
(Ivlev's indices <0). In juveniles, “marsh/puddles” and “brooks” had the highest indices,
followed by “dry brooks” and “pond shore”; all other microhabitat types had negative
indices. The main differences between adults and juveniles were the negative values of
"pond surface" and "rocky pond shore" in juveniles (positive values in adults) and the
negative value of "dry brooks" in adults (positive value in juveniles).
microhabitat
pastures
scree
pond surface
rock surface
boulders
subalpine shrubs
pond shore
dry brooks
scattered pines
rocky pond shore
brooks
marsh/puddles

adults
- 0.69
- 0.98
+ 0.48
- 0.95
- 0.89
- 0.50
+ 0.84
- 0.11
+ 0.80
+ 0.67
+ 0.89

juveniles
- 0.46
- 0.92
- 0.96
- 0.98
+ 0.72
+ 0.76
- 0.19
+ 0.94
+ 0.98

Table 2 Ivlev's electivity index (Ivlev 1961) of microhabitat types, calculated for adult
and juvenile 5DQD WHPSRUDULD in the study area (from total numbers of adults and
juveniles in Table 1).



$FWLYLW\

During the seven survey days, we made a total of 14755 observations (9695
adults, 5060 juveniles). The recorded absolute numbers of adult and juvenile frogs in
each time interval are shown in Fig. 1. The percentages of adults (Fig. 2) and juveniles
(Fig. 3) active inside water, at the pond edge, and at 1-3 m distance from the pond edge
is given separately for the six days without rainfall and for the single 24 h interval in
which precipitations were recorded. Adults were active at night as well as during the day,
with the highest numbers recorded during the night and early morning (before dawn).
The number of adult frogs seen at night (sum of numbers at 21 h, 00 h, 3 h, 6 h: 5752
specimens) was significantly higher (Chi-square 337.5, df = 1, P < 0.0001) than that
observed during the day (sum of numbers at 9 h, 12 h, 15 h, 18 h: 3943 specimens). At
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night, a higher percentage of frogs was seen in the water (3739 out of 5752 individuals;
65%) than during the day (1192 out of 3943; 30%); the difference was highly significant
(Chi-square = 2095.8, df =1, P < 0.0001).
Date
Tmax (water)
Tmax (air)
Tmin (water)
Tmin (air)
Total N observed frogs (6 h)
Percent frogs in water (6 h)

18.7.
20.9°C
19.0°C
15.9°C
10.0°C
204
88.7%

19.7.
21.9°C
19.6°C
17.1°C
12.0°C
181
48.6%

22.7.
21.4°C
20.0°C
16.9°C
7.6°C
159
79.9%

23.7.
20.5°C
17.0°C
16.9°C
11.2°C
144
56.3%

24.7.
19.5°C
19.6°C
17.8°C
13.6°C
121
27.3%

26.7.
22.5°C
20.0°C
16.3°C
12.0°C
108
18.5%

28.7.
20.5°C
20.0°C
15.8°C
6.2°C
155
99.4%

Table 3 Number and percentage of adult frogs observed in the water at 0600
(relative to total number of frogs observed at that time) in the seven study days.
Minimum and maximum temperatures of water (own measurements in a shallow area
near the Ibón de las Ranas shore) and air (Respomuso metereological station) are given
for the preceding 24 hours.

The water temperature of the pond was rather stable in the study period, with
recorded temperatures in shallow areas near the shore between 15.8-22.5 °C. According
to the data in Table 3, the difference between minimum and maximum water
temperatures in the seven study days (mean 4.37°C, standard deviation SD 1.37°C,
range 1.8-5.0°C) was much smaller than the difference between minimum and maximum
air temperatures (mean 8.94°C, SD 3.08°C, range 5.8-13.8°C) as recorded by the
Respomuso metereological station (Mann-Whitney 8-test, P < 0.01). Minimum air
temperatures were always lower than minimum water temperatures (mean difference
6.5°C, SD 2.39°C, range 4.2-9.6°C). Water and air temperatures generally reached their
minimum values in the early morning (0600) according to our personal observations. The
percentage of adult frogs observed in the water at that time (Table 3) was negatively
correlated with the minimum air temperature (Pearson correlation coefficient -0.87; P <
0.05; Fig. 4).

Figure 1.Activity (total number of observed frogs, separately for adults and juveniles) of
5DQD WHPSRUDULD as recorded during 3h-interval surveys on 7 days and nights around
the Ibón de las Ranas pond. The upper bar gives approximate timing of light, dusk/dawn
and darkness, and general metereological conditions.
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The highest numbers of frogs 1-3 m from the shore was observed in the morning at 9
h on four out of the five cloudless days (Fig. 1-2). On the single rainy day, the activity of
the adult frogs changed markedly, with an overall higher percentage of active frogs
outside of the water, and less emphasized differences in observed numbers between
day and night (Fig. 2)

Figure 2. Percentage of adult 5DQDWHPSRUDULDinside water (black), on the pond edge
(grey), and 1-3 m from pond edge (white) recorded in each 3h-interval survey around the
Ibón de las Ranas pond. The upper bars indicate the percentages summarized for the
six cloudless days and nights (18, 19, 22, 23, 24 and 28 July), the lower bars indicate
the percentages on one rainy day and night (26 July).
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Figure 3.Percentage of juvenile5DQDWHPSRUDULD inside water (black), on the pond edge
(grey), and 1-3 m from pond edge (white) recorded in each 3h-interval survey around the
Ibón de las Ranas pond. The upper bars indicate the percentages summarized for the
six cloudless days and nights (18, 19, 22, 23, 24 and 28 July), the lower bars indicate
the percentages on one rainy day and night (26 July). No juveniles were found during
the 0300 survey on 26 July.
Juveniles showed a distinct difference in activity between day and night. Numbers of
juveniles observed during the six sunny days decreased by 94% from 21 h to 0 h (748
observed specimens at 21 h; 46 observed specimens at 0 h). The number of juveniles
seen at night (sum of numbers at 21 h, 0 h, 3 h, 6 h: 1507 specimens) was significantly
lower (Chi-square = 989, df = 1, P < 0.0001) than during the day (sum of numbers at 9 h,
12 h, 15 h, 18 h: 3553 specimens). Observed number of juveniles was highest on the
single rainy day (Fig. 1), but the reduction in activity at night was similarly drastic. No
relevant differences were observed in percentages of juveniles inside the water, at the
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shore, or 1-3 m from the shore between the six cloudless days and the single rainy day
(Fig.3)
Some of these activity patterns of adults (higher percentage of specimens in the pond at
night) and juveniles (almost strict diurnal activity) were also evident among the four
surveys done for the microhabitat preference analysis (see Table 1).

Figure 4.Scatterplot of the percentage of adult 5DQDWHPSRUDULDobserved inside water
at 0600 vs. minimum air temperature as recorded by the Respomuso metereological
station in the corresponding night (regression analysis: y = -10.21x + 165.7; r2 = 0.76, df
= 1 and 6, F = 15.84, p<0.05).
'LVFXVVLRQ
In the study area and period, adult and juvenile 5DQD WHPSRUDULD were largely
dependent on aquatic or moist microhabitat types. The poorly used microhabitats (see
Table 2) were in a very dry condition in July 1998. A temporary reduction in activity, or
estivation, may not be advantageous in the Circo de Piedrafita area considering the
shortness of the activity period in montane areas (see Elmberg & Lundberg 1991). The
frogs were therefore probably forced to carry out their activity in the brook and dry book
areas, marshes, puddles, and in and around the pond. Especially the adults used the
pond as summer habitat, and showed more aquatic habits during the night than during
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the day. According to the mark-recapture data of Vences HWDO (1999), a total of ca. 770
adults were present in and around the pond during the study period, of which by far the
majority (93%) were males.
Despite the rather low sample size (data only available for seven days), our
results indicated that the percentage of adult frogs active in the pond at night increased
as air temperature decreased. Water temperature was less variable than air
temperature, and minimum air temperature values were clearly lower than minimum
water temperatures. In the Circo de Piedrafita, at night, temperatures may drop to values
around 0°C even in summer. The Respomuso metereological station recorded 3.0°C on
2 July 1998. It can therefore be concluded that the adult frogs appear to use the pond at
least partly as a refuge from the cold. Also, the rather high degree of diurnal activity of
adults at the Ibón de las Ranas (not found by Loman, 1980, in a low altitude population)
may be explained by the relatively low temperatures at night.
The juveniles differed both in microhabitat choice and activity from the adults.
The pond was used very little by juveniles, and their activity was almost exclusively
diurnal. This corresponds partly with the observations of Loman (1980) who also found a
largely diurnal activity of 5 WHPSRUDULD. Several causes are conceivable for this niche
segregation of adults and juveniles. (1) Adults and juveniles of the same frog species
may differ in prey preference. Since we did not study prey availability in the different
microhabitat types, no statements are currently possible on this factor. (2) Predator
avoidance may also influence the juvenile activity cycles. The niche segregation may
even be related to cannibalism; in several analyzed stomach contents of adult 5
WHPSRUDULDfrom the Ibón de las Ranas, we found juvenile frogs (D.R. Vieites & S. Nieto,
pers. obs. in 1998). Considering the high population density of adults, they may
constitute one of the most important predators of the juvenile frogs. (3) It also may be
relevant that 5 WHPSRUDULD tadpoles display a largely diurnal activity (Griffiths 1985,
Piqué HW DO 2000), coinciding with many pond dwelling anuran larvae which generally
show a positive phototaxis (Duellman & Trueb 1986). It therefore cannot be excluded
that frogs may only change later in development from the originally diurnal to a more
nocturnal activity pattern. (4) Most probably, the activity patterns of juveniles are heavily
influenced by climatic factors. Juvenile frogs are clearly more sensitive to steep air
temperature decreases with the risk of freezing (Pasanen & Karhapää 1997). Also, they
are less mobile than adult frogs, and may thus not be able to reach soon enough larger,
warm, water bodies when temperatures begin to decrease quickly. It may therefore be a
selective advantage for juveniles to shelter soon after dusk to avoid the danger of
freezing.
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Some information is available on the fact that high-mountain populations of 5
WHPSRUDULDcan be aquatic all-year-round (Combes 1967, Nöllert & Nöllert 1992, SerraCobo HW DO 1998). However, often the pattern observed in lowland areas (spring and
sometimes autumnal migration to the breeding site; terrestrial summer habitat; see
Loman 1978, Strijbosch 1980, Verrell & Halliday 1985, Hintermann 1984, Ryser 1986,
Kneitz 1998) is believed to be typical for the species (e.g. Esteban 1997). Many of the
habitat types generally used by the common frog in lowlands, such as meadows and
forest (Loman 1978), forest, coppice strips, pastures and meadows (Strijbosch 1980),
gardens, chalk, greensands, deciduous woods (Beebee 1985), meadows and leaf litter
(Galán 1989) and coniferous forest (Pasanen HW DO 1993) are not found or are less
common in alpine environments.
As a conclusion from the results presented here, literature data, and our own,
cursorial observations on many additional populations, adult common frogs at high
altitudes tend to have rather aquatic habits during summer, and to show a high degree of
diurnal activity. These patterns may be a response to (1) increased drought of the
terrestrial environments at high altitudes where no forest cover with associated leaf litter
layer is present, and (2) the low nocturnal air temperatures and the danger of sudden
drop in temperature in an unpredictable environment.
The differences between montane and lowland population of 5DQD WHPSRUDULD,
however, do not only extend to microhabitat choice and activity of adults. Montane
populations show an accelerated larval development at certain temperatures (Aebli
1966, Angelier & Angelier 1968, Brand & Grossenbacher 1979) which probably leads to
paedomorphic differences in tadpole morphology (Vences HW DO 1998), differences in
colour pattern (increased number and size of black spots: Nöllert & Nöllert 1992), shorter
hindlimbs (e.g. Vences HWDO 1998), modified time allocation during the breeding period
(Elmberg & Lundberg, 1991), and older age at maturity (Miaud HW DO 1999). This
variation, at least in the Pyrenees, does not appear to be correlated with relevant genetic
differentiation (Veith et al. 2003). Detailed long-term comparative studies on
neighbouring high- and low-altitude populations of 5DQD WHPSRUDULD will therefore
probably allow the identification of further morphological, ecological and ethological
adaptational responses of anurans to the selective pressures of alpine environmental
conditions.
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<HDUO\ YDULDWLRQ RI VXPPHU KDELWDW SRSXODWLRQ GHQVLW\ DQG VL]H FODVVHV LQ
PRQWDQH5DQDWHPSRUDULD
$EVWUDFW
The population size and size class structure of a population of common frogs,
5DQDWHPSRUDULD, was studied from 1998-2002 in the Ibón de las Ranas, a glacial pond
in the Spanish Pyrenees, during summer. In all years, the population was mainly
composed of adult males and juveniles that had metamorphosed in the previous year.
Few individuals belonging to intermediate size classes were found, and the sex ratio
varied between 9-5 adult males per female. The estimated number of adults decreased
slightly between 1998 and 2000, but increased strongly in 2001, from less than 500 to
more than 1250. The estimated number of juveniles was highest in 1998, and dropped
strongly in the next year, from almost 6000 to less than 1000. A comparison with climatic
data allows us to propose the hypothesis that survival of juveniles is influenced by
drought, the low numbers 1999 caused by low rainfalls in 1998; and that maturity is
reached after 4-5 years, the increase in adults in 2001 coinciding with the high number
of juveniles in 1998.
5HVXPHQ
Durante los veranos desde 1998 a 2002 se ha monitorizado el tamaño de la
población y la estructura de tamaños de 5DQDWHPSRUDULD en el Ibón de las Ranas, un
pequeño lago Pirenaico de origen glaciar. En todos los años la población estuvo
compuesta principalmente por individuos adultos machos y juveniles que
metamorfosearon el año anterior. Se encontraron muy pocos individuos de tamaños
intermedios, y la proporción de sexos varió entre 9 y 5 machos por hembra. El número
estimado de adultos decreció ligeramente entre 1998 y 2000, incrementándose mucho
en el 2001, desde menos de 500 individuos a más de 1250. El número estimado de
juveniles fue muy alto en 1998, disminuyendo mucho el año siguiente, desde casi 6000
juveniles a menos de 1000. La comparación con las variables microclimáticas
disponibles nos permite proponer la hipótesis de que la supervivencia de los juveniles
en estas altitudes está influenciada por la sequía, pues tras años más secos el número
de juveniles el año siguiente disminuye mucho; y que la madurez se alcanza después
de 4 o 5 años, coincidiendo el incremento de adultos en 2001 con el elevado número de
juveniles en 1998.
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Among the amphibians of the Western Paleartic, the common frog 5DQD
WHPSRUDULD is one of the most widespread species (Grossenbacher 1997). Many authors
have intensively studied size and structure of its populations (e.g., Cooke 1975,
Grossenbacher 1980, Pascual & Montori 1981, Hintermann 1984, Loman 1984, Ryser
1986, Elmberg 1990, Kneitz 1998). Most of these works deal with low- or mid-altitude
populations in Central Europe which are generally located in at least partly forested
habitats. Few studies have been carried out on the ecology of 5DQDWHPSRUDULD in alpine
environments (e.g., Balcells 1975, Elmberg & Lundberg 1991, Ryser 1996, Vences et al.
1999, 2000, 2002, Vieites et al. 1997).

5DQD WHPSRUDULD is characterized by a wide altitudinal tolerance both regarding
its presence and its successful reproduction (Vences et al. 2003). Previous studies
indicated that, in the Pyrenean mountains, populations reach their elevational
distribution limit around 2500 m (Vences et al. 2003). These populations are
characterized by a short activity period and an extremely low fecundity as compared to
lowland sites (Chapter 2). These factors, together with the highly unpredictable climatic
conditions at high altitudes, constitute challenges for recruitment and population
maintenance.
In this paper we present data on a montane population of 5DQDWHPSRUDULDwhich
is quite large and can therefore be studied quantitatively with a sufficient precision. The
number of common frogs which were present in and near the pond in consecutive
summers were estimated during a five year period, and the interannual variability of size
structure of the individuals was recorded. The results are a contribution to the
understanding of the factors that determine the recruitment and population fluctuations
of amphibians in unpredictable montane environments.


0DWHULDODQGPHWKRGV
Fieldwork was carried out in the Circo de Piedrafita area, central Pyrenean
mountains, Aragón, Spain (42º 48' 53'' N, 00º 16' 53'' W). This area is characterized by
a large number of glacial ponds and lakes in which 5DQDWHPSRUDULD breeds. Of these,
the Ibón de las Ranas is the most important one in terms of number of clutches and
recruitment (Chapter 9). The lake is in an area without forest cover; the only higher
vegetation are some 5KRGRGHQGURQIHUUXJLQHXP shrubs at the edges. At summer, frogs
are easily observed during day and night at the pond edges, generally jumping into the
water when disturbed, and at a distance of mostly less than 2 m from the water. The
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study site and characteristics of water bodies were described in detail elsewhere
(Vences et al. 2000, 2002a).

1998

Total adults
20 July

Marked in population (a)
Captured (b)
Marked in captured sample c
(1) Population a(b+1)/(c+1)
 "! #  $"!
(2) Populati 
1999

348
246
102
835
770±46

Marked in population (a)
Captured (b)
Marked in captured sample c
(1) Population a(b+1)/(c+1)

 "! #

 $"!

2000

199
246
38
755
591±47
19 July

 "! #

 $"!

2001

130
213
57
480
493±37

308
272
120
537

 %!'& ( ) *  +-, 

 "! #

 $"!

2002

25 July

 %!'& ( ) *  +-, 

 "! #

 $"!

211
278
76
765
1135±97

Juveniles

21
17
2
179
82±27

36
15
9
60

Females

-

-

-

286
210
120
499

-

-

-

Females
-

-

Males

Females

24 July

24 July

323
109
31
1110

-

Males

17
9
0
170

168
237
64
615
937±88

-

43
31
12
106
202±50

216
1415
34
8739
5872±341

1597
908
264
5478

18 July

25 July

326
280
103
881
871±58

503
217
126
863

20 July

26 July

818
915
253
2950
3223±147

1480
546
229
3520

Juveniles
-

Females
341
202
51
1331

25 July

Juveniles

18 July

23 July

1151
260
190
1573
1790±98

1221
252
148
2073

Juveniles

28 July 25 July 28 July 25 July 28 July
413
240
62
1580

21 July

Juveniles

26 July 19 July 26 July 19 July 26 July

Total adults

Marked in population (a)
Captured (b)
Marked in captured sample c
(1) Population a(b+1)/(c+1)

456
257
174
674

Males

24 July
340
118
31
1264

327
229
100
748
701±43
Males

Total adults

Marked in population (a)
Captured (b)
Marked in captured sample c
(1) Population a(b+1)/(c+1)

Females

24 July 20 July 24 July 20 July 24 July

Total adults

Marked in population (a)
Captured (b)
Marked in captured sample c
(1) Population a(b+1)/(c+1)

 %!'& ( ) *  +-, 

492
272
183
730

Total adults
20 July

 %!'& ( ) *  +-, 

Males

25 July 20 July 25 July 20 July 25 July

72
32
5
396

20 July

24 July

713
389
180
1536
1592±77

910
444
247
1633

Table 1: Estimates of summer habitat population sizes of adult and juvenile 5DQD
WHPSRUDULD at the Ibón de las Ranas in the five study years. (1) Simple Petersen
estimate (Petersen, 1896); (2) Weighted mean estimate (Seber, 1973), ± standard error
(see Begon, 1979).
Several environmental variables were available from the Respomuso
meteorological station, including daily air temperature (ºC) at 8 h and 12 h, minimum
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and maximum temperatures, daily rainfall (mm) and presence and thickness (cm) of the
snow layer. The station is located at about 500 m from the study lake.
Adults were captured during the day by systematically searching the pond edges.
Of each specimen, we measured snout-vent length (SVL) to the nearest mm using a
ruler. All specimens of more than 50 mm SVL (and also some smaller specimens of 4350 mm SVL) could be reliably sexed and were considered as adults. Adult specimens
were marked by toe-clipping in 1998 (wounds treated with antiseptic), mostly with
individual codes. Recaptures after 10 days showed that the wounds were largely healed
at that state; no infections were observed. In subsequent years the frogs were marked
by using visible implants of fluorescent elastomer (Northwest Marine Technology, Inc.,
Washington). Elastomer was implanted by intradermic injection in legs, using different
colours in consecutive years. The large numbers of juvenile specimens (size class: SVL
15-26 mm) around the pond made their separate consideration necessary. Juveniles
were marked by toe clipping, and their number estimated by two subsequent capturerecapture processes each year. We used the data to calculate weighted mean
population estimates (Seber 1973) and their standard errors (Begon 1979). No migration
of frogs was observed during regularly performed night searches; the studied part of the
population can thus approximately be considered as closed for the study period,
allowing the use of simple population estimates.

5HVXOWV
Using the weighted mean calculation of Seber (1973), the total number of adult
frogs inhabiting the Ibón de las Ranas during the study period varied between 591 to
1264 adult frogs (Table 1). Between 1998 and 2000, a gradual reduction in adult
population was observed. In 2001, the population increased significantly up to more than
1200 frogs (Fig. 1), and the estimate for 2002 was only slightly below that value.
When available, separate estimates of male and female numbers were
proportional to the overall estimates. Males were in all years much more numerous than
females, but an increase of females in the population estimates was observed. In 2002,
the female number doubled that observed in 1998, a pattern not observed for males.
Translated into sex ratio, this variable dropped from 1 female per 9 males in 1998 to 1:5
in 2002.
By far the highest proportion of juveniles belonged to size classes that
corresponded to an age of one year, thus to specimens that metamorphosed in the
previous year; all estimates were done several weeks before imagos from the same
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year emerged from the pond. Estimates of the number of juveniles reflected high
fluctuations among years. The highest estimate corresponded to 1998 with almost 6000
juveniles. In the following year the number dropped down to 871 juveniles.
Distribution of size classes (Fig. 2) shows that the studied summer habitat
population consisted mainly of a juveniles and adult males. Almost no subadults were
found.


Figure 1: Population estimates for juveniles (black squares) and adults (black triangles)
between 1998 and 2002. Black bars represent total rainfall during frog activity period.


'LVFXVVLRQ
According to the available data, 5 WHPSRUDULD lowland populations perform
spring and partly autumn migrations to their breeding ponds, and are generally found in
terrestrial summer habitats (e.g. Loman 1978, Strijbosch 1980, Verrell & Halliday 1985,
Hintermann 1984, Ryser 1986, Kneitz 1998). Large-scale semi-aquatic summer activity,
as observed in the Ibón de las Ranas population, appears to be a feature found mainly
in alpine environments (Combes 1967, Serra-Cobo et al. 1998, Vences et al. 2000).
Such habits, at lower altitudes, are typical for water frog species of the subgenus
3HORSK\OD[ (sensu Dubois 1992), represented in Spain by 5DQDSHUH]L. Water frogs may
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be relevant competitors at lower altitudes, and thus constitute one factor explaining this
altitudinal difference in 5WHPSRUDULD summer habitat use. More probably, however, the
lack of suited humid and shaded terrestrial environments, such as forest leaf litter, leads
many 5 WHPSRUDULD specimens to stay close to the water bodies at high altitudes,
especially during the dry summer periods.
Male-biased operational sex ratios have been recorded before in 5DQD
WHPSRUDULD (Arak 1982, Elmberg 1990, 1991). In a pond close to our study site, the
operational sex ratio during the breeding season in 2001 was very high, reaching values
up to 10 males for each female (chapter 4). A similar situation could be expected for the
Ibón de las Ranas, in which case the low proportion of females and the strongly malebiased sex ratio found herein during the activity period in summer would be
representative for the population. However, the observed smaller size of the captured
females (as compared to males) is not the typical pattern found in 5DQDWHPSRUDULD, in
which females were usually found to be larger than males (e.g., Galán,1989; Sperling et
al. 1996; Ryser 1996; Kneitz 1998). Combes (1967), in another Pyrenean population
(2030 m altitude), observed a 1:1 sex ratio in the breeding season, but during summer
the male proportion increased to 83-94%; in mid-September, the population reached the
1:1 balance again. We observed a similar pattern in our population (Vieites, not
published) suggesting that a part of the female population, especially large specimens,
are not active in summer or migrate to other habitats. Analysing individual movement
and activity patterns of large females emerges as fruitful subject for future studies.
The observed size distribution between years shows a high amount of juvenile
recruits and a variable proportion of adults. The low proportion of intermediate size
classes indicates a very high mortality of juveniles. Nevertheless, the population appears
to be self-maintaining. A possible correlation of juvenile number with the amount of
rainfall in the preceding year is apparent from Fig. 1, the lowest number of juveniles in
1999 corresponding with the lowest amount of rainfall in 1998. The increase in numbers
of adult frogs in 2001 coincided with the high number of juveniles in 1997 (Fig. 1). If
these data were indicative of a general pattern, then drought would be a major
determinant of juvenile mortality and thereby recruitment, and frogs would reach
maturity in the fourth or fifth year of their life. This period is relatively long for 5DQD
WHPSRUDULD, but is in agreement with findings from other montane populations (Miaud et
al. 1999).
Figure 2: Size distribution (SVL) of 5DQDWHPSRUDULD specimens captured in July 1998,
July 2001 and July 2002 at the Ibón de las Ranas (recaptures not considered). Dark
grey bars represent immatures, light grey bars females, and black bars represent males.

Chapter 11:

      

217

218

Chapter 11:

     

The common frog population of the Ibón de las Ranas can certainly considered
to be relatively large. Cooke (1975) calculated minimum population sizes of 5
WHPSRUDULD in Britain by egg mass count and an assumption of an 1:1 sex ratio. Of 574
recorded populations, 87 had (minimum) sizes of 100-999, and only three were
calculated to consist of 1000 or more individuals. Pascual and Montori (1981) estimated
the main population of the Catalonian Montseny massif as 820-1333 individuals, other
estimates and records of large populations are 1916 (Grossenbacher, 1980), 312-2525
(Hintermann, 1984), and 821-1100 (Ryser, 1986). Many of the known large lowland and
mid-altitude colonies of 5 WHPSRUDULD breed in non-natural aquatic sites. So, the main
breeding site of the Montseny population is a small dam (Pascual and Montori, 1981),
Grossenbacher’s (1980) population lived in an abandoned gravel pit, Ryser’s (1986)
study was done at a garden pond, and at least one of Hintermann’s (1984) two ponds
was also artificial. The large populations studied by Kneitz (1998) all lived in artificial
ponds, too. According to our observations in the Circo de Piedrafita area and other parts
of the Pyrenees, montane 5 WHPSRUDULD populations appear often to be rather large,
and they mostly occur in natural ponds and lakes. Similarly, in the Alps, Grossenbacher
(pers. comm.) regularly observed about 2000 egg masses in a montane lake at 1850 m.
These large natural population sizes may be an important difference to many areas of
lower altitude. In lowlands, 5WHPSRUDULD probably inhabited originally swamp areas and
stagnant tributaries of forest brooks and streams, which in most cases can only harbour
a metapopulation network of rather small subpopulations.
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$OLPHQWDFLyQ GH ODV UDQDV SDUGDV 5DQD WHPSRUDULD HQ HO &LUFR GH 3LHGUDILWD
3LULQHRV(VSDxD 
$EVWUDFW
Feeding and feeding habits of high Pyrenean mountain brown frogs were studied
in the summer period. The main preys were coleoptera (44.9%), followed by diptera
(12.9%) and hymenoptera (11.4%). By including all the frogs analysed, the most
frequent prey size was the small (smaller than 10 mm). Big frogs tend to consume bigger
prey in not much quantity, while small frogs consume more preys but smaller in size.
From the point of view of prey way of life, frogs eat mainly terrestrial and aerial preys,
although capture of aquatic prey was observed (11.5%) and these preys were eaten
inside the water.
5HV~PHQ
Se ha estudiado la dieta y hábitos alimentarios de las ranas pardas en la alta
montaña pirenaica y durante el periodo estival. Las ranas consumen principal-mente
coleópteros (44,9%), dípteros (12,9%) e himenópteros (11.4%). Para el conjunto de
todas las ranas estudiadas, las presas más consumidas son las de pequeño tamaño
(menores de 10 mm). Las ranas de mayor talla tienden a consumir presas más grandes
y en poca cantidad, mientras que las ranas pequeñas consumen más presas aun-que
de pequeño tamaño. En cuanto a forma de vida las presas más consumidas son
terrestres y aéreas, aunque también se ha comprobado la captura de presas acuáticas
(11,5%) que son consumidas por las ranas dentro del agua.
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La mayoría de los datos sobre alimentación de anfibios son anecdóticos y en
ellos se mencionan pocos taxones, en consecuencia se sabe poco sobre selección de
presas y estrategias alimenticias (Duellman & Trueb 1994). La alimentación del género
Rana en la península Ibérica ha sido abordada para especies como 5DQD SHUH]L
(Hernández & Seva 1984, Lizana et al. 1986, Hodar et al. 1990), 5DQD LEHULFD (Bas
1982, Lizana et al.1986, Magalhaes et al. 1996) y 5DQDWHPSRUDULD. En el caso de esta
última existen trabajos sobre su alimentación en distintos puntos de Europa (Guyetant
1967, Itamies & Koskela 1970, Houston 1973, Blackith & Speight 1974, Loman 1979,
Pilorge 1982); pero en la Península Ibérica los datos son escasos y se concentran en
zonas de baja y media montaña en los Pirineos (Balcells 1957, Pedrocchi & Sanz1984,
Molares 1984).
Los principales presas consumidas por ranas pardas en los estudios realiza-dos
en el Mazizo de Tendeñera (30TYN3024, junto a Ibón de los Asnos, 2.100 m. s/m) por
Molares (1984) fueron: plecópteros 50%; ortópteros 31%; coleópteros 15%;
himenópteros 4%. En los estudios de Balcells (1957) en el Valle de Tena fueron:
arácnidos 23´1%; coleópteros 20´9%; dípteros 17´9%; himenópteros 10´1%; larvas de
lepidópteros 6´1 % y homópteros 6%. En los estudios de Pedrocchi & Sanz (1984) en el
Alto Valle de Tena (entre Formigal y Portalé d´Aneu ) fueron: dermápteros (36,8%) en
una estación de prado seco, y en las demás estaciones de muestreo predominan los
dípteros (21,8% a 67%).
El tema de la selección de presas por parte de las ranas se ha tratado desde
distintos puntos de vista: morfológico, hábitos de caza y en función de la disponibilidad
de presas en el medio. En el aspecto morfológico, varios autores comprobaron que los
anuros pequeños comen presas de menor tamaño que los anuros grandes, y éstos
últimos comen tanto presas pequeñas como grandes consumiendo por tanto un rango
de tamaños de presa mayor (Berry 1970, Houston 1973, Blackith & Speight 1974,
Labanick 1976, Brooks 1982, Pedrocchi & Sanz 1984). Todos estos autores coinciden
en que estas diferencias afectan sólo al tamaño máximo de presa y no al mínimo, pero
no analizan si las ranas de mayor tamaño comen principalmente presas más grandes
aunque consuman también presas pequeñas.
Los hábitos de caza, incluyendo la posibilidad de caza bajo el agua, son otro
factor importante en la selección de presas. Se suele considerar a muchos anuros, entre
ellos 5DQDWHPSRUDULD, como depredadores a la espera (Blackith & Speight 1974, Hayes
& Tennant 1985, Pedrocchi & Sanz 1984, Lizana et al. 1986, Hodar et al. 1990). Para
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algunos autores este comportamiento explica que las ranas consuman mayor cantidad
de invertebrados depredadores (más móviles y rápidos) frente a los fitófagos o
saprófitos (más lentos) (Blackith & Speight 1974, Zimka 1966), y para otros que
consuman más presas lentas que son más fáciles de capturar, sobre todo en las ranas
más pequeñas (Hayes & Tennant 1985, Hodar et al. 1990).
La captura de presas en el agua es uno de los aspectos más controvertidos
dentro de los hábitos de caza atribuidos a anuros. Algunos autores lo niegan (Houston
1973, Blackith & Speight 1974), otros lo aceptan pero considerándolo poco corriente
(Turner 1959, Heeden 1972), y otros, en ranas típicamente acuáticas como 5 SHUH]L,
encuentran que alrededor del 20% de las presas consumidas son acuáticas pero que el
porcentaje puede ser inferior a éste, ya que algunas presas podrían ser accesibles a las
ranas desde fuera del agua.(Hodar et al. 1990).
Se suele considerar a muchos anuros como depredadores no selectivos por lo
que su dieta varía mucho en función de la disponibilidad de presas en el medio. En el
caso de R. temporaria se ha observado este patrón encontrándose que la proporción de
los distintos taxones consumidos depende de su disponibilidad en el medio (Itämies &
Koskela 1970, Blackith & Speight 1974; Pedrocchi & Sanz 1984). En el presente estudio
se pretende dar a conocer la dieta en alta montaña abordando distintos aspectos de
hábitos de caza y selección de presas.
ÈUHDGHHVWXGLR\PpWRGRV
Este estudio se realizó en el Circo de Piedrafita a alturas comprendidas entre
los 2.200 y 2.700 m. UTM: 30TYN24, final del dominio subalpino y principios del alpino
(Pedrocchi et al. 1997), zona donde la rana bermeja alcanza su cota máxima de
distribución altitudinal en la vertiente española del Pirineo (Pleguezuelos ed., 1997)
El periodo de muestreo abarcó desde la última quincena de Julio hasta
principios de Agosto de 1996, coincidiendo con el periodo estival. En esta época ya ha
tenido lugar la reproducción, y un elevado número de ranas se dedica a alimentarse en
las cercanías de los lagos. Las ranas estudiadas son las que viven en las orillas de los
ibones y charcas o en sus cercanías, en los márgenes del Río de Aguas Limpias y cola
del embalse de Respomuso, y también en zonas alejadas del agua como en gleras con
hierba o canchales.
Se tomaron medidas de la longitud de los ejemplares. Tradicionalmente, para
asignar un tamaño a las ranas, se ha medido o bien la longitud cabeza- cloaca (ej.
Hodar et al. 1990) o la longitud del pie (Pedrocchi & Sanz 1984), o se han empleado
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medidas anatómicas que tienen en cuenta el esqueleto: desde el premaxilar hasta el
isquion (Itamies & Koskela 1970). Nosotros, hemos seguido también ese último criterio
aunque preferimos emplear la medida desde la punta del hocico hasta la unión de las
diapófisis sacras con el ilion ya que consideramos que es una medida más estable e
inmediata. No obstante la correlación de nuestra medida con la clásica tomada desde el
hocico-cloaca es muy alta (0’889 a partir de una muestra de 21 ejemplares). Las
medidas han sido realizadas con calibre de precisión 0.1 mm.
Para obtener los contenidos estomacales se ha empleado in situ el método del
lavado gástrico (Legler & Sullivan , 1979); una vez extraídos fueron conservados en
alcohol de 75% y etiquetados. Se identificaron las presas bajo lupa binocular llegando
hasta el nivel de familia siempre que fue posible; para ello se utilizaron las claves de
Barrientos (1988) y Tachet et al. (1994). Todas las presas fueron medidas con calibre de
precisión 0.1 mm.
Para la toma de datos se estableció un campamento base en la zona de estudio,
permaneciendo allí acampados durante todo el periodo de muestreo; de esta forma se
pudo visitar las zonas donde había ranas con frecuencia y observar los diferentes
hábitos alimentarios.
5HVXOWDGRV
Se ha intentado obtener el contenido estomacal de 169 ranas, de las cuales 162
(95,8 %) presentaron algún contenido estomacal y tan sólo 7 (4,1%) no contenían nada.
Han aparecido restos vegetales en los contenidos de 97 ejemplares (59,9%) y
gastrolitos en 20 (12,3 %). El número máximo de piedras por estómago fue de 4. La
mayoría de los gastrolitos no superaban los 5 mm (x = 4,27 mm, sd = 1,88) no llegando
nunca al centímetro. El porcentaje de estómagos con materia vegetal es muy elevado.
Los restos son casi siempre pequeños tallos, ramitas, algunas semillas, musgos, hojas
pequeñas o trozos de las mismas, y flores. La mayoría de las flores son de
5KRGRGHQGURQ IHUUXJLQHXP El contenido vegetal por estómago fue siempre mucho
menor que el animal, y en ningún caso se encontraron estómagos con restos vegetales
solamente.
El total de presas fue de 2.383, de las cuales el 85% han podido ser identificadas
y asignadas a un taxón; el 86% se han podido asignar a una clase de vida, y el 58%
han podido ser medidas. En la tabla 1 se muestran los datos de presencia y frecuencia
para cada taxón identificado. Los taxones se han asignado, cuando ha sido posible,
hasta el nivel de familia.
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Tabla 1. Presencia de presas (contenidos estomacales en los que aparece cada taxón)
y frecuencia de presas (presas de cada taxón que fueron consumidas) para cada taxón
identificado.
Taxón
CLASE
Gastropoda
Arachnida

Chilopoda
Diplopoda
Hexapoda

ORDEN
Araneida
Acarina
Opilionidae

Ephemeroptera
Plecoptera
Orthoptera
Dermaptera
Heteroptera

Homoptera

Trichoptera
Megaloptera
Diptera

Lepidoptera

ácaros
garrapatas

adulto
larva
Acrididae
Forficulidae
Saldidae
Reduvidae
Pentatomidae
otros
Cicadidae
Cicadellidae
larvas
otros
adultos
larvas
ad. sialidos
larvas
Chironomidae
Tachiniidae
Empididae
Asilidae
Culicidae
Tipulidae
Agromicidae
Dolichopodidae
Syrphidae
larvas
otros
larvas
Noctuidae
Zygaenidae
otros

Frecuencia
Nº
%
12
0,60
114
5,67
95
4,72
14
0,70
2
0,1
3
0,15
5
0,25
1
0,05
1.857
112,37
1
0,05
42
21
19
0,95
31
1,54
26
1,3
2
0,1
1
0,05
3
0,15
14
0,7
1
0,05
5
0,25
4
0,20
6
0,3
147
7,32
38
1,9
15
0,74
4
0,2
15
0,74
46
2,3
2
0,1
24
1'2
8
0,4
11
0,55
2
0,1
2
0,1
1
0,05
20
1
129
6,39
74
368
1
0,55
1
0,55
13
0,65

Presencia
Nº
4
54
41
9
1
3
4
1
842
1
20
10
25
20
1
1
3
7
1
2
4
6
51
10
11
2
4
28
2
14
6
6
2
1
1
7
56
47
1
1
12

%
0,43
5,67
4,46
0,8
0,11
0,3
0,44
0,11
103,04
0,11
2,18
1,08
2,7
2,17
0,11
0,11
0,3
0,76
0,'11
0,22
0,43
0,65
5,55
1,09
1,2
0,22
0,44
3,0
0,22
1,52
0,65
0,65
0,22
0,11
0,11
0,76
6,09
5,1
0,11
0,11
13
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Taxón
CLASE
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ORDEN
Coleoptera

Hymenoptera

Oligochaeta
Nematomorpha
TOTAL

Collembola

Buprestidae
Dityscidae
Cleridae
Cerambycidae
Cryptophagidae
Escaraboideae
Bostrychidae
Elateridae
Curculionidae
Escolitidae
larvas acuá.
larvas terres.
Dermestidae
Cantharidae
Staphylinidae
Hydrophilidae
Coccinellidae
Crisomelidae
Carabidae
Otros
Formicidae ala.
Formicidae
Ichneumonidae
Vespidae
Escolioideae
Cynipidae
Sphecidae
Apoidea
Otros

Frecuencia
Nº
1
5
38
5
1
135
1
22
138
9
89
9
5
12
28
31
1
8
176
189
32
133
45
1
1
1
3
5
9
16
10
8
2007

%
0,05
0,25
1,89
0,25
0,05
6,72
0,05
1,1
6,87
0,45
4,43
0,44
0,25
0,6
1,4
1,54
0,05
0,4
8,77
9,4
1,59
6,62
2,24
0,05
0,05
0,05
0,15
0,25
0,45
0,8
0,5
0,4

Presencia
Nº
1
3
15
4
1
21
1
19
65
3
17
5
5
7
19
23
1
5
41
83
19
65
30
1
1
1
3
5
9
6
8
5
162



%
0,11
0,3
1,6
0,43
0,11
2,3
0,11
2,06
7,07
0,3
1,85
0,54
0,54
0,76
2,06
2,5
0,11
0,54
4,46
9
2,06
7,07
3,26
0,11
0,11
0,11
0,3
0,54
1
0,65
0,87
0,54

En la figura 1 se representa el número de presas consumidas en función de su
tamaño. Se han asignado 5 intervalos de tamaño en los que se agrupan desde presas
de muy pequeño tamaño, hasta presas muy grandes que sobrepasan los 50 mm y a
menudo llegan a medir varios centímetros.
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Figura 1. Número de presas en función de diferentes categorías de tamaño.
En la figura 2 se indica el porcentaje de presas consumidas según su forma de
vida. Las formas de vida consideradas son: aéreas, aquellas que se suelen desplazar
volando; terrestres, presas que se desplazan por la superficie del terreno; acuáticas,
aquellas que viven en el agua; o excavadoras, presas de forma de vida fundamentalmente subterránea (sólo Oligochaeta). Se han tenido en cuenta tanto las presas
medibles como las no medibles.
En la figura 3 se representa el histograma de una muestra de la población de
ranas divididas según su tamaño en intervalos de 0,2 cm. Basándonos en esta figura
hemos dividido a la población muestreada en 4 grandes clases de tamaños: se
consideran ranas pequeñas (clase A) a las menores de 3,3 cm; ranas grandes (clase D)
a las mayores de 4,7; y dos grupos de ranas de tamaño medio, clase B entre 3,3 y 4,06
cm y clase C entre 4,06 y 4,7 cm. Hay que tener en cuenta que se han analizado todas
las ranas que encontramos en cada punto de muestreo, despreciándose únicamente las
ranas menores de 2,5 centímetros porque el método de extracción de contenidos
estomacales empleado no era adecuado.
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Figura 2. Porcentaje de presas en función de su forma de vida: A terrestre; B aérea, C
acuática, D excavadora.

En la figura 4 se muestran, para cada clase de tamaño de ranas (clases A, B,
C, D), el tamaño mínimo de presa, la media de los mínimos, la media de tamaños, la
me-dia de los tamaños máximos y el tamaño máximo construyendo una caja con las
medias que da la tendencia de tamaños consumidos por las ranas. El cálculo de cada
media se ha realizado hallando primero el valor para cada uno de los taxones
considerados y luego la media de todos. El tamaño mínimo y máximo de tipo de presa
corresponden a la presa más pequeña y más grande encontradas en cada clase de
tamaño de rana, pero se excluye al taxón nematomorfos porque la relación
longitud/volumen no tiene una correspondencia similar a las demás presas.
En la tabla 2 se muestran el número de presas por estómago en ranas pequeñas
(clase A) y ranas grandes (clase D); el resultado se expresa en tanto por cien. En las
figuras 5 a 9, se exponen gráficas de diversidad acumulada, basándonos en el índice de
Shannon.
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Figura 3. Número de ranas analizado en función de su tamaño (punta de hocico a unión
de las diapófisis sacras con el ilion, cm).

Nº presas/estómago

Ranas pequeñas = A

Ranas grandes = D

0-10
11-20
21-30
31-40

25%
43,8%
18,8%
12,5%
Q = 16

57,1%
28,6%
14,2%
0%
Q = 21

Tabla 2. Número de presas por estómago
'LVFXVLyQGHUHVXOWDGRV\FRQFOXVLRQHV
Todas las ranas, independientemente de su tamaño, tienen opción a las mismas
presas, por lo que el conjunto de todas las encontradas en sus estómagos se puede
considerar como representativo del potencial global cualitativo de presas comibles.
Atendiendo a la tabla 1, las presas más consumidas en alta montaña son coleoptera
(44,9%), diptera (12,9%), hymenoptera (11,4%) y trichoptera (9,22%), sumando entre
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ellos casi el 80% del total. Comparando con los demás estudios realizados en el Pirineo,
los coleópteros y dípteros son comidos habitualmente por las ranas pardas en
porcentajes superiores al 10%, aunque el tipo de presa más consumida varía
dependiendo de la localidad en función de la diferente disponibilidad de presas en el
medio tal y como han observado otros autores (Itämies & Koskela 1970, Blackith &
Speight 1974, Pedrocchi & Sanz 1984). El consumo de vegetales y gastrolitos es
accidental.
La selección de presas por parte de las ranas puede abordarse desde un punto
de vista morfológico, teniendo en cuenta el tamaño de la presa o el de la rana analizados por separado o en conjunto. En cuanto al tamaño de la presa y atendiendo a la
figura 1, vemos que el 50% de todas las presas consumidas medibles son de pequeño
tamaño y el 35% son de muy pequeño tamaño, sumando entre ambas el 82’9%, que
corresponden a presas menores a un centímetro.
Respecto al tamaño de rana y según se puede apreciar en la figura 3 abundan
más las ranas medianas (clases b y c, 77,51%) y están en una proporción parecida
tanto las ranas pequeñas (10,06%) como las grandes (12,43%). La relación entre
tamaños de ranas y tamaños de presas consumidas se muestra en la figura 4. En ella
se aprecia que en los tamaños más pequeños de ranas, clases A y B, la tendencia es la
de consumir principalmente presas pequeñas, mientras que las ranas más grandes,
clases C y D, tienden a consumir presas de tamaño mayor. Si observamos los
extremos, clases A y D, las diferencias entre ranas pequeñas y grandes es patente.
Como consecuencia de lo visto en la figura 4 es lógico pensar que si las ranas
grandes consumen presas más grandes, aparecerán menos presas por estómago que
en ranas pequeñas, estas últimas tendrán que consumir muchas presas pequeñas para
satisfacer sus requerimientos alimentarios.
En la tabla 2 se confirma lo anteriormente mencionado, apreciándose que la
tendencia de las ranas grandes es comer pocas presas mientras que la de las ranas
pequeñas es comer más presas.
Sobre la selección de presas según los hábitos de caza podemos indicar que la
mayoría de las presas consumidas son terrestres y aéreas, sumando entre ambas el
88% del total de presas consideradas (véase figura 2). Las ranas consumen presas
acuáticas en una proporción no despreciable (11, 5%) y las presas subterráneas son
comidas cuando suben a superficie los días de lluvia en los que se encharca el terreno
por lo que su proporción es baja.
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Según nuestras observaciones de campo, las ranas pardas en alta montaña
muestrean de 50 hasta 100 metros, al menos, en busca de presas, llegando incluso a
meterse en aguas poco profundas para capturar su alimento.

Figura 4. Tamaños de presas.para cada tamaño de rana : A pequeñas (16 ranas), B
mediano-pequeñas (75 ranas), C mediano-grandes (50 ranas) y D grandes (21 ranas).
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Figura 5. Biodiversidad acumulada en ranas tipo A

Figura 6. Biodiversidad acumulada en ranas tipo B
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Figura 7. Biodiversidad acumulada en ranas tipo C

Figura 8. Biodiversidad acumulada en ranas tipo D
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*HQHUDOGLVFXVVLRQ
Despite the large number of previous studies dealing with different aspects of the
biology and ecology of 5DQDWHPSRUDULD, the present thesis provides a number of novel
insights into its biology. Some of these perspectives are new not only for this species,
but for frogs in general.
Among European amphibians this species shows the widest latitudinal and
altitudinal distribution range, with populations living in extreme environments like subartic
zones and alpine areas where the species reaches its distribution limits. These areas are
characterized by very harsh and unstable climates. Such conditions are not tolerated by
the majority of amphibians. 5DQD WHPSRUDULD is able to dwell in such environments,
which probably is made possible by special life history adaptations.
Most previous studies on 5DQD WHPSRUDULD was focused at the study of low
altitude populations. High altitude populations were mostly ignored, probably because
the difficulties to access and to work in these environments. Several trade-offs in lifehistory traits in relation to altitude have been reported for this species, being some of
them contradictory. This indicated that the study of high altitude populations of this
species could have the potential of discovering unknown aspects of the biology and
ecology of these animals.
The first part of the thesis was focused on the reproductive biology of 5DQD
WHPSRUDULD at high altitudes. As it has been reported in other works, a positive correlation
between altitude and beginning of the breeding season was observed in the Pyrenees,
being the populations at elevations around 2500 m above sea level the latest that started
to reproduce. Reproduction began the 30th week of the year in a lake situated up to 2516
m a.s.l. which corresponds to the highest altitudinal record for reproduction in the
Pyrenees, and the latest record for the onset of breeding in this species. In general,
frogs inhabiting altitudes higher than 2000 m have a very short activity period each year
as compared to lowland populations, which implies that they must adjust their annual
activity rhythms in order to assure growing and reproduction.
The harsh conditions observed each year at high altitudes could reduce food
availability, which, together with the short time available for energy (food) uptake, may
compromise the production of eggs. Females need to adjust their reproductive
investment in order to assure both their survival and reproduction. In our study area the
observed fecundities were the lowest recorded for the whole species range. Correlations
between female size and fecundity have been reported before for the species, and also
observed in high altitudes, but the low fecundities encountered could not be explained by
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a small mean female size: actually, size of females was similar to other European
populations. Egg size and weight did not differ conspicuously from other populations,
suggesting that females do not produce fewer but bigger (better) eggs, but simply fewer
eggs of similar size than in other populations.
The geographical analysis of fecundity, although carried out before by other
authors, included new populations from the northern and southern species limits and
thereby revealed a clear latitudinal spatial gradient in fecundity across the whole
latitudinal range. Fecundity varied in a curvilinear pattern, being lower in both the
northern and southern extremes of the distribution area. Two hypotheses, energy
availability and physical constraints, have been suggested to explain the upper limit of
reproductive investment. In this case the two may contribute to explain the observed
pattern of fecundity. In areas with less climatic stability, low differences of fecundity were
observed between large and small females, suggesting energy availability as
explanatory factor; in contrast, in more stable climatic areas, the difference between
large and small females was more strongly marked, suggesting that the carrying
capacity of the female body cavity is the factor which limits egg production.
There are two important aspects found in high altitude common frog populations
that completely differ from lowlands. First, frogs stay close to their reproductive ponds
during all of the activity period, being more aquatic than in low altitudes. Second,
especially during the reproductive period, frogs are active mostly during the day. In our
main study population, nocturnal mating behaviour and clutch laying was not observed at
all. This allowed us to carry out detailed field observations on mating behaviour.
Although multiple paternity had been reported before for the species, it was
explained as a simple consequence of high spermatozoa concentration in the water. No
field observations were available thus far. Our data demonstrate that multiple paternity is
not a consequence of a passive process but of an active one, in which non parental
males re-fertilize the clutches laid before in the water by the parental pair. This strategy,
called by us post-mating clutch piracy, increased by more than 6% the overall
reproductive success of the population. Although mating behaviour had been studied
previously for the species in lowland populations, this behaviour was never reported.
This could be a consequence of the low operational sex ratio (OSR) observed in our
population. The daily OSR was very low, with up to ten males being available for each
female. Under such conditions, pirates can fertilize at least some eggs from different
clutches without direct access to females. In other situations with high OSR this
behaviour could be less frequent, and this, together with the fact that pirate behaviour is
difficult to observe during the night, could be the reason that it had not been reported
before.
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After the breeding period, the frogs can be found in the whole glaciar basin,
mostly close to ponds but sometimes migrating between them. Our trials to determine
the determinants for habitat selection gave not clear results. At least it is clear that
altitude is a limiting factor for the presence and reproduction of 5DQDWHPSRUDULD. Both,
the highest altitudinal record for the species, and also the highest lake with reproduction,
were several hundred meters lower than the surrounding mountains. It is still not known
if the frogs can cross this mountain barrier at least occasionally, and how the climate
change, by means of global warming, could benefit or not the interchange of individuals
between frog populations situated on both sides of the central massif.
Besides elevation, the influence of other habitat determinants is not very clear
according to the largely incongruent results of various multivariate analysis. At least it
seems clear that pond permanence and the presence of aquatic vegetation benefits
least reproduction and juvenile presence. Adults concentrate around bigger lakes in
summer, and are usually observed inside the water, especially during cold nights. This
partly aquatic behaviour could be an adaptation to the harsh and extremely variable
climate found in high altitudes. Both juveniles and adults select wet microhabitats, and
avoid dry sites such as prairies and rocks.
Our monitoring of survival through the different frog developmental phases,
showed that most of the reproductive investment is lost during the first year of life. At the
egg phase, major mortality causes were gamete and developmental failure, and spawn
desiccation. Environmental UV-B did not result in an increase on egg mortality. The
mortality during tadpole phase was lower, but after emergence and until their first winter,
a very high rate of mortality of imagos was observed. The principal cause could be
predation by adult frogs. In summer, before imago emergence, adult frog diet consists
mainly in invertebrates, but after metamorphosis imagos became an important part of the
diet, suggesting that cannibalism could play an important role in the survival of adult
frogs in high altitudes, yet to be studied in depth.
We made a distinction between primary and secondary ponds because the
recruitment pattern observed in them was different. While the majority of ponds fell into
the secondary categories and in them recruitment was inexistent or very low, survival
rates and recruitment were higher in most of the primary ponds, especially in the Ibón de
las Ranas (our main study pond). Our analysis supports the hypothesis that primary
ponds act as main sources of juveniles, and then adults. Hence, they should be given
priority in any possible conservation or management actions, especially in those related
with release of fishes for fishing.
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The different environmental characteristics of the ponds present in the Circo de
Piedrafita basin allowed us to verify the huge phenotypic plasticity described before for
the species. In secondary ponds, correlated with their small water volume and
sometimes high density of tadpoles, we observed that imagos were smaller than in ones
from big ponds, which compromised their survival during their first winter. Also, as an
extreme example of phenotypic plasticity in oral structures, we observed that in small
ponds with high tadpole crowding, the larvae lack one row of keratodonts as compared
to tadpoles from bigger, less crowded, lakes. This example, not reported before for the
species, suggests that in this species with high phenotypic plasticity under stress,
morphological characters have to be used with care for taxonomical purposes.
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