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Abstract:

 

Because ambient temperature strongly influences reproduction in frogs, the seasonal timing of
frog calling provides a sensitive index of biotic response to climate change. Over the last century, daily tem-
peratures increased during 5 of the 8 months key to gametogenesis in frogs and toads near Ithaca, New York
(U.S.A.). Earliest dates of calling frogs recorded by Albert Hazen Wright between 1900 and 1912 near Ithaca
were compared to those from the New York State Amphibian and Reptile Atlas Project for 1990–1999 for the
three counties surrounding Ithaca. Four species are now calling 10–13 days earlier, two are unchanged, and
none is calling later. The data suggest that climate has warmed in central New York State during this century
and has resulted in earlier breeding in some amphibians—a possible first indication of biotic response to cli-
mate change in eastern North America.

 

Calentamiento del Clima y Fenología de Vocalizaciones de Ranas cerca de Ithaca, Nueva York, 1900–1999

 

Resumen:

 

Debido a que las temperaturas ambientales influyen fuertemente sobre la reproducción de
ranas, el registro estacional de vocalizaciones de ranas provee un índice sensible de respuesta biótica a los
cambios climáticos. Durante el siglo pasado, las temperaturas diarias incrementaron durante 5 de los 8 me-
ses clave de la gametogénesis en ranas y sapos cercanas a Ithaca Nueva York (E.U.A.). Las fechas más tem-
pranas de vocalizaciones de ranas registradas por Albert Hazen Wright entre 1900-1912 cerca de Ithaca fu-
eron comparadas con aquéllas del Proyecto del Atlas de Anfibios y Reptiles del Estado de Nueva York para
1990-1999 para los tres condados de los alrededores de Ithaca. Cuatro especies están ahora vocalizando en-
tre 10 y 13 días más temprano, dos no han cambiado y ninguna está vocalizando tarde. Los datos sugieren
que el clima se ha calentado en la parte central del estado de Nueva York durante este siglo y ha resultado en
reproducciones tempranas en algunos anfibios—una posible primera indicación de respuesta biótica a los

 

cambios climáticos en Norteamérica Oriental.

 

Introduction

 

Growing evidence suggests that climate warming is affect-
ing the seasonal timing of animal and plant activity. Most
evidence is from Europe, where long-term studies have
documented earlier spawning in amphibians (Beebee
1995), earlier breeding in songbirds (Crick et al. 1997),
changes in the body size and condition of ungulates (Post
et al. 1997), and an extended growing season for plants in
northern latitudes (Keeling et al. 1996; Myneni et al. 1997).

Less evidence is available for North America. Reports
from the United States suggest phenological changes in a
variety of springtime events (Bradley et al. 1999), earlier
reproduction in birds (Brown et al. 1999; Dunn & Wink-
ler 1999), and earlier spring arrival dates among birds and
spring emergence dates among mammals and wildflowers
(Inouye et al. 2000). But evidence, either positive or nega-
tive, of a biotic response to climate change has been lack-
ing for much of eastern North America.

We report on a study of amphibian breeding patterns
and temperature change over the last century near Ithaca,
New York, in the northeastern United States. We studied
the timing of frog breeding because amphibians in tem-
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perate regions represent highly sensitive indicators of bi-
otic response to climate change. Gametogenesis occurs
during winter for species that breed in early spring, or it
occurs following emergence during early spring in sum-
mer breeders, and threshold minimum temperatures also
control migration to breeding areas (Beebee 1995). Our
study is based on a synthesis of data from three indepen-
dent studies conducted, fortuitously, at the same location:
(1) a detailed study of frog-breeding patterns conducted
from 1900 to 1912 by Albert Hazen Wright in the vicinity
of Cornell University ( Wright 1914), (2) more recent
records from 1990–1999 of frog-breeding activity in the
Ithaca area recorded during the New York Amphibian
and Reptile Atlas project, and (3) long-term records of
daily temperatures for Ithaca.

 

Methods

 

We analyzed temperature records collected at Ithaca to
test the null hypothesis that mean temperatures during
periods of the year critical to amphibian gametogenesis
were unchanged between 1900 and 1999. Daily maxi-
mum temperatures, averaged by month, were obtained
from the New York Climate Office and Northeast Re-
gional Climate Program. Magnitude and significance of
trends in temperature data over the century were as-
sessed with least-squares regression (Zar 1984).

Data on frog-calling phenology for 1900–1912 were
assembled from a detailed study by Wright (1914) de-
scribing the breeding phenology of frogs and toads
within a 4.8-km radius of the Cornell University campus.
The records were made by Albert Hazen Wright, an in-
structor in zoology at Cornell University, who report-
edly visited ponds and marshes daily throughout the
study area each spring to determine dates of first appear-
ance, first “voice” or calling, first spawning, and trans-
formation for all anurans. Wright’s data were compared
with first-calling records collected by volunteers on self-
directed surveys conducted for the New York State Am-
phibian and Reptile Atlas Project, a 10-year survey to
document the geographic distribution of New York
State’s herpetofauna, which began in 1990 and ended in
1999. We examined vocalization records because they
were the most directly comparable phenophase shared
between the Wright and atlas data.

We selected atlas records for Tompkins County,
which includes Ithaca, and for Schuyler and Cortland
Counties, which lie at the same latitude and adjacent to
Tompkins County, to yield a minimally sufficient sample
(

 

�

 

5 records per year for 

 

�

 

5 years) for six of the eight
species studied by Wright. The species compared were
(1) the American toad (

 

Bufo americanus

 

 [Wright’s 

 

B.
lentiginosus

 

]), a mid-spring, short-term breeder in ponds,
pools, ditches, lakes, meadows, and marshes; (2) the
spring peeper (

 

Pseudacris crucifer

 

 [Wright’s 

 

Hyla pick-

eringii

 

]), an early-spring breeder with prolonged breed-
ing activity that is most abundant in wooded areas near
ponds or swamps; (3) the wood frog (

 

Rana sylvatica

 

),
an explosive, early-spring breeder that primarily uses
temporary pools; (4) the bullfrog (

 

Rana catesbeiana

 

), a
prolonged, late-season (mid-summer) breeder in warmer
shallows of permanent waters; (5) the gray treefrog
(

 

Hyla versicolor

 

), a prolonged, mid-spring breeder in
semipermanent ponds, including swamps and beaver
meadows; and (6) the green frog (

 

Rana clamitans

 

[Wright’s 

 

Rana clamata

 

]), a prolonged late-spring to
early-summer breeder in permanent waters, particularly
lakes and marshes.

Calendar dates from both studies were first converted
to Julian dates for statistical analysis. The mean difference
between all possible combinations of Wright’s 1900-1912
“first-voice” dates and the atlas’s 1990–1999 dates of first
reported vocalization was then calculated for each spe-
cies. We estimated statistical significance by comparing
the observed difference in first-calling date with a null dis-
tribution of differences obtained by randomizing all dates
500 times (cf. Manly 1991). For the wood frog, Wright
(1914) reported (for unknown reasons) only an average
first-calling date for 1900–1911. Therefore, to test for
changes in calling phenology of the wood frog, we con-
structed a confidence interval about the mean first-vocal-
ization date for 1990–1999 to determine whether it in-
cluded the average date reported by Wright. Significance
tests of changes in calling phenology were one-tailed be-
cause changes in temperature in the area indicated that
the only reasonable expectation would be a tendency to-
ward earlier calling in frogs.

 

Results

 

Mean maximum daily temperatures increased (

 

p

 

 

 

�

 

 0.10)
on average by 1.0–2.3

 

�

 

 C between 1900 and 1999 during
6 months of the year (Table 1). Five of these months fell
within the critical 8 months of amphibian gametogensis
(overwintering, emergence, courtship, and spawning),
which extend November through June for anurans in
the area. No month showed a decline in mean maximum
daily temperatures (Table 1).

Four of the six species of anurans examined shifted
their first calling activities to earlier dates over this cen-
tury. Mean differences in first calling dates between
1900–1911 versus 1990–1999 were negative and different
from zero for the spring peeper, wood frog, gray tree-
frog, and bullfrog (Table 2). First calling dates for green
frogs and American toads remained unchanged. No spe-
cies shifted to later calling. There was no relationship
between average initial first calling date (1900–1912)
and change in mean calling date across species (

 

r

 

 

 

�

 

0.20, 

 

p

 

 

 

�

 

 0.50), suggesting no tendency for the earliest
breeders to exhibit the greatest change in calling phe-
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nology. Finally, a regression of change in calling date
versus the mean number of atlas records available per
year, made to test whether shifts in calling phenology
could be simply an artifact of increased sampling inten-
sity during the later survey, indicated no relationship
across species (

 

r

 

 

 

�

 

 0.06, 

 

p

 

 

 

�

 

 0.49).

 

Discussion

 

This synthesis of historical and contemporary monitor-
ing data on climate and amphibian breeding patterns
near Ithaca, New York, suggests that climate has warmed
substantially in the area over the past century and that
several species of anurans have shifted their breeding
patterns accordingly. Shifts in breeding phenology could
not be conveniently ascribed to early versus late breed-

ers, although the earliest breeders, wood frogs and
spring peepers, showed the strongest shifts to earlier
calling dates. The latest breeder, the bullfrog, also showed
a shift to earlier calling, perhaps owing to its tendency
to delay the initiation of calling following emergence un-
til the waters associated with the permanent ponds in
which it breeds have warmed sufficiently. No associa-
tion was obvious between shifts in calling phenology
and taxonomic affiliation, between explosive versus pro-
longed breeding, whether calling occurs immediately upon
emergence or is delayed, or whether breeding occurs in
temporary versus permanent wetlands. Temperature is
the primary driver of seasonal patterns of emergence and
reproduction in anurans, particularly temperate-zone spe-
cies (Duellman & Trueb 1986), with other factors, such
as photoperiod (Pancharatna & Patil 1997), playing an
inconclusive role. Thus, it remains unclear why certain
species in our study shifted calling patterns whereas oth-
ers did not.

Some potential biases are inherent in our comparisons
among these disparate data sets. An important one re-
lates to the geographical areas used in the earlier and
later comparisons of frog-calling phenology. Wright’s
data were from the Cornell campus and surrounding vi-
cinity, an area of about 75 km

 

2

 

, whereas the atlas data
were drawn, to assemble a minimally adequate sample,
from a three-county area of about 3626 km

 

2

 

 that sur-
rounded Wright’s study site. A larger sample area could
result in more variation in reported calling dates and
hence a tendency to record earlier dates each year. We
found no relationship, however, between sampling in-
tensity and change in first calling date. Furthermore, a
systematic bias in sampling across differently sized areas
would be reflected in a consistent shift in calling phenol-
ogy across all species, a pattern not observed. A major
bias likely does underpin the objectives for collecting
frog-calling records during the two surveys. Wright’s
stated objective was to detect the earliest events in the
breeding cycles of anurans each year, and he tailored his
field methods accordingly. Atlas volunteers had no such
motivation; they were active throughout the warm sea-
son and reported contacts with calling frogs whenever
they might occur. But we expect this bias in observer
motivation to act against finding earlier dates within the
atlas data. Thus, we conclude that the shifts we ob-
served in first-calling dates could be underestimated.

It is difficult to predict the long-term effects that grad-
ually warmer temperatures might exert on local popula-
tions of anurans. Frogs are remarkably opportunistic
breeders, and most of the species examined occur within
central portions of their breeding ranges and not at criti-
cal thermal minima or maxima on range borders. Other
species in the area, however, might be more strongly af-
fected. For example, the mink frog (

 

Rana septentriona-
lis

 

) reaches the southern limit of its range some 150 km
north of Ithaca, a limit likely associated with fungal in-

 

Table 1. Change in daily maximum temperature, averaged by 
month, near Ithaca, New York, 1990–1999.

 

Month

Average 
temperature

(°C)

 

*

 

Change in average
temperature (°C)

 

p

 

1900 1999

 

January

 

�

 

0.3

 

�

 

0.4

 

�

 

0.05 0.962
February

 

�

 

1.1 1.2 2.29 0.011
March 4.4 5.5 1.06 0.303
April 11.2 13.0 1.73 0.020
May 18.2 19.8 1.52 0.055
June 23.6 24.3 0.71 0.200
July 26.7 26.7

 

�

 

0.08 0.877
August 25.0 26.1 1.04 0.058
September 22.1 21.4

 

�

 

0.66 0.258
October 15.3 15.3

 

�

 

0.03 0.964
November 7.3 8.6 1.24 0.070
December 0.4 2.5 2.03 0.016

 

*

 

Average temperature is that predicted for 1900 and 1999 based on
a least-squares regression of temperature versus year for all years
from 1900 to 1999.

 

Table 2. Average first-calling dates and mean change in date of 
first calling for six species of anurans near Ithaca, New York, 1900–
1912 versus 1990–1999.

 

Species

Average first-calling 
date

 

a

 

Mean change
(days)

 

b

 

p

 

c

 

1900–1912 1990–1999

 

Spring peeper April 4 March 20

 

�

 

13.6 0.038
Wood frog April 9 March 29

 

�

 

13.0 0.007
Bullfrog June 5 May 22

 

�

 

11.4 0.098
Gray treefrog May 4 April 14

 

�

 

10.5 0.030
American toad April 18 April 11

 

�

 

1.5 0.303
Green frog May 10 May 16 5.5 0.808

 

a

 

Determined by averaging the Julian date of first calling and con-
verting to calendar date for a nonleap year.

 

b

 

Determined from Julian dates of all possible pairs of first-calling
dates, 1900–1912 versus 1990–1999.

 

c

 

Determined through randomization tests (see methods).
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fections of egg masses that occur in association with ele-
vated water temperatures (Hedeen 1986). Mink frogs
would be expected to show predictable, local declines if
local climate warming continues.

We compared only first-calling dates in our study; it
would be particularly valuable to track frog-breeding
patterns in more detail in the Ithaca area. A localized
monitoring program tailored closely to Wright’s (1914)
methods would be useful. In particular, Wright recorded
data on several other phenophases (spawning, hatching,
and transformation) that, if examined, could provide a
more comprehensive understanding of changes poten-
tially occurring in amphibian breeding. That said, many
of the wetlands surveyed by Wright are now destroyed
or severely altered by expansion of the Cornell Univer-
sity campus and urbanization of Ithaca, thereby limiting
the opportunity for a direct comparison of changes in
the breeding phenology of frogs in the area.

 

Acknowledgments

 

We are grateful to the many volunteers in the Ithaca area
who contributed records to the New York State Am-
phibian and Reptile Atlas Project and to K. Whiteleather
for insights into the local frog fauna. A. Blaustein and an
anonymous reviewer provided useful comments on the
manuscript.

 

Literature Cited

 

Beebee, T. J. C. 1995. Amphibian breeding and climate. Nature 

 

374:

 

219–220.

Bradley, N. L., A. C. Leopold, J. Ross, and W. Huffaker. 1999. Phenolog-
ical changes reflect climate change in Wisconsin. Proceedings of
the National Academy of Sciences of the United States of America

 

96:

 

9701–9704.
Brown, J. L., S. H. Li, and N. Bhagabati. 1999. Long-term trend toward

earlier breeding in an American bird: a response to global warm-
ing? Proceedings of the National Academy of Sciences of the
United States of America 

 

96:

 

5565–5569.
Crick, H. Q., P, C. Dudley, D. E. Glue, and D. L. Thomson. 1997. UK

birds are laying eggs earlier. Nature 

 

388:

 

526.
Duellman, W. E., and L. Trueb. 1986. Biology of amphibians. Johns

Hopkins University Press, Baltimore, Maryland.
Dunn, P. O., and D. W. Winkler. 1999. Climate change has affected the

breeding date of Tree Swallows throughout North America. Pro-
ceedings of the Royal Society of London Series B 

 

266:

 

2487–2490.
Hedeen, S. E. 1986. The southern geographic limit of the mink frog,

 

Rana septentrionalis.

 

 Copeia 

 

1:

 

239–244.
Inouye, D. W., B. Barr, K. B. Armitage, and B. D. Inouye. 2000. Climate

change is affecting altitudinal migrants and hibernating species.
Proceedings of the National Academy of Sciences of the United
States of America 

 

97:

 

1630–1633.
Keeling, C. D., J. F. S. Chin, and T. P. Whorf. 1996. Increased activity

of northern vegetation inferred from atmospheric CO

 

2

 

 measure-
ments. Nature 

 

382:

 

146–149.
Manly, B. F. J. 1991. Randomization and Monte Carlo methods in biol-

ogy. Chapman and Hall, London.
Myneni, R. B., C. D. Keeling, C. J. Tucker, G. Asrar, and R. R. Nemani.

1997. Increased plant growth in the northern high latitudes from
1981 to 1991. Nature 

 

386:

 

698–702.
Pancharatna, K., and M. M. Patil. 1997. Role of temperature and photo-

period in the onset of sexual maturity in female frogs, 

 

Rana cy-
anophlyctis.

 

 Journal of Herpetology 

 

31:

 

111–114.
Post, E., N. C. Stenseth, J. M. Fromentin. 1997. Global climate change

and phenotypic variation among red deer cohorts. Proceedings of
the Royal Society of London B 

 

264:

 

1317–1324.
Wright, A. H. 1914. North American anura: life-histories of the anura of

Ithaca, New York. Carnegie Institution of Washington, Washing-
ton, D.C.

Zar, J. H. 1984. Biostatistical analysis. 2nd edition. Prentice Hall, Engle-
wood Cliffs, New Jersey.


