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Abstract.—In the northeastern U.S., average temperature and precipitation have increased since the early 20th
Century and extreme precipitation events have become more frequent. In response, the timing of life-history
transitions has changed in some populations of early spring-breeding amphibians. Migration from their upland
hibernacula is stimulated by environmental cues that may forecast favorable conditions at breeding sites; however,
in what is called a false spring, the earliest amphibians may be exposed to lethal low temperatures after breaking
dormancy. Spotted Salamanders (4mbystoma maculatum), Spring Peepers (Pseudacris crucifer), and Wood Frogs
(Lithobates sylvaticus) frequently co-occur in vernal pond communities and breed at the earliest opportunity each
spring. To better understand how changes in climate have influenced the timing and risk of early activity in this
group we compared their first appearance and attendant environmental conditions between published accounts
from the early 1900s and recent observations (2016-2024) from iNaturalist. We found that Spotted Salamanders,
Spring Peepers, and Wood Frogs advanced activity by 13.4, 17.5, and 11.8 d, respectively. Onset of activity in 2016—
2024 was associated with greater precipitation (Spring Peepers) and higher maximum daily temperatures (Spotted
Salamanders) relative to the early 1900s. Species-specific values for snow depth, days from snow melt, mean 3-day
temperature, and thermal accumulation above 3° C, however, were similar between periods for all three species.
The earlier onset of activity observed in 2016-2024 was associated with greater freezing risk to all three species
which is consistent with the False Spring hypothesis.
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INTRODUCTION

Global climate change interacts with the geographic
characteristics of specific regions to produce a climate
change signal unique to that region (Hayhoe et al.
2008). In the northeastern U.S., average temperature
and precipitation have increased since the early 20th
Century and the region has experienced the most rapid
increase in the number and frequency of extreme
precipitation events (Jessica Whitehead et al. 2023.
Northeast. /n Fifth National Climate Assessment.
Crimmins, A.R., C.W. Avery, D.R. Easterling, K.E.
Kunkel, B.C. Stewart, and T.K. Maycock (Eds.).
U.S. Global Change Research Program, Washington,
D.C., USA. Available from https://doi.org/10.7930/
NCAS5.2023.CH21. [Accessed 1 May 2024]). In
response to these changes in regional climate, many
organisms in the northeast are experiencing changes
to their phenology (e.g., Butler 2003; Fuccillo Battle
et al. 2022).
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As a group, amphibians exhibit a general trend
towards earlier breeding in response to global climate
change (While and Uller 2014); however, populations
in the northeastern U.S. and Canada exhibit both
advancement (Gibbs and Breisch 2001; Walpole et
al. 2012; Green 2017) and delay (Arietta et al. 2020;
Moldowan et al. 2022). By identifying the abiotic
cues that drive these behaviors, we can gain insight
into how climate change may impact phenological
variation among different groups, which, in turn, can
provide valuable information on how populations and
ecological communities may be affected (Chmura et
al. 2019; Benard and Greenwald 2023).

Although average annual air temperature and annual
precipitation have both increased in the region, high
interannual variability in the timing of environmental
cues (e.g., snowmelt date, minimum temperature
thresholds) may require long-term datasets to detect
shifts in phenology related to climate change (Lovett
2013; Green 2017). Studies that incorporate a
combination of historical observations and modern
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observations have been successful in documenting
phenological change (e.g., Gibbs and Breisch 2001;
Fuccillo Battle et al. 2022; Iwanycki Ahlstrand et al.
2022). Citizen science programs that generate reliable
observations (e.g., New York State Amphibian and
Reptile Atlas Project, iNaturalist) expand our ability
to document natural history phenomena beyond the
constraints of time and space that limit any single
investigator or study site (Gibbs and Breisch 2001;
Forti et al. 2022).

Although warmer winters may stimulate earlier
breeding, earlier onset of spring activity under the
influence of a changing climate may be harmful to
amphibian populations (Benard 2015; Bison et al.
2021; Moldowan et al. 2022). For example, the
false spring hypothesis suggests that earlier onset of
activity may result in lowered reproductive success
(Buss et al. 2021; Yermokhin and Tabachishin 2022).
For early spring-breeding amphibians, a frost that
occurs after the onset of activity increases risk of
freezing for adults, eggs, and larvae (Hinckley 1882;
Wright 1914; Harris 1980; Frisbie et al. 2000).

We examined the timing of first appearance in a
group of widely distributed and well-studied North
American amphibian species that frequently co-occur
in woodland pond communities (Husting 1965; Paton
et al. 2000; Kirk et al. 2019). Spotted Salamanders
(Ambystoma maculatum), Spring Peepers (Pseudacris
crucifer), and Wood Frogs (Lithobates sylvaticus)
hibernate terrestrially and initiate migration to
breeding ponds at the earliest opportunity each
spring (Wright 1908). Onset of activity is relatively
synchronous for these three species (Wright 1908);
however, the proximate cues that trigger the onset of
activity in individual species are complex and likely
vary in time and space (e.g., Blanchard 1930; Baldauf
1952; Sexton et al. 1990; Benard and Greenwald
2023). It is generally agreed that onset of activity
for these species occurs after snowmelt in late winter/
early spring on relatively warm, humid evenings
(Sexton et al. 1990).

Given the earlier onset of what is called first
voice in Spring Peepers and Wood Frogs in Ithaca,
New York, USA (Gibbs and Breisch 2001), we
hypothesized that first appearance has changed in
recent years compared to early 1900s. We predicted
that first appearance of Spring Peepers and Wood
Frogs should occur earlier. We also predicted that
Spotted Salamanders would also appear earlier based
on the historic similarity to Spring Peepers and Wood
Frogs in their reaction norms to temperature and
precipitation cues. Further, we hypothesized that

first appearance of early spring-breeding amphibians
is forecasted by the same favorable environmental
conditions that occur earlier in recent years than they
did at the beginning of the last century. We predicted
first appearance would occur when the maximum
daily temperature and the daily precipitation total
were similar to the corresponding values reported
for first appearance in the 1900s. Finally, we tested
the False Spring hypothesis by determining if the
freezing risk after the onset of activity has increased
for these early spring-breeding amphibians since the
1900s.

MATERIALS AND METHODS

We extracted dates of first appearance (DFA) for
early spring-breeding amphibians in the vicinity of
Ithaca, New York, USA, for the period 1900-1911
from historic accounts by Albert Hazen Wright
(Wright 1908, 1914; Wright and Allen 1909). Wright
compiled his personal observations and those by
members of the Department of Zoology at Cornell
University with a focal area at the southern end of
Cayuga Lake (Reed and Wright 1909). Most of his
observations were recorded within a radius of 5 km
from the Cornell University campus (Wright 1914).

For recent observations, we examined all verifiable,
research grade observations with photographs of
amphibians (Category = Amphibia) in Ithaca, New
York, for the period 1 February to 30 April for the
years 2016-2024 from iNaturalist (www.inaturalist.
org). To approximate the spatial extent of Wright
(1914), we established a circular boundary for
observations with a 5-km radius centered on the
Cornell University campus (42.45° N, 76.48° W,
Fig. 1). These data were exported to Zenodo (https://
doi.org/10.5281/zenodo.13997066). The date of the
first observation of each species in each year was
designated as the DFA. We converted all dates to
ordinal day (y-day) to account for leap years and
facilitate statistical analysis.

We obtained meteorological data for Ithaca
from 1900-1911 and 2016-2024 (https://www.
nrcc.cornell.edu/wxstation/ithaca/ithaca.html). The
weather station is located on the Cornell University
campus near the center of the area established for
iNaturalist observations. Available data from this
station include daily values for maximum, minimum,
and average temperatures (°F), precipitation (inches),
snowfall (inches), and snow depth (inches). All
values were converted to standard scientific units
prior to analysis.
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FIGURE 1. Area of observations for onset of early spring breeding amphibians (2016-2024) in the vicinity of Ithaca, New York, USA.
The black circle delineates an area with a radius of 5 km centered on the Cornell University campus (42.45°N, 76.48°W). Filled symbols
indicate all locations on the day of first appearances of Spotted Salamanders (4Ambystoma maculatum, gray triangles), Spring Peepers
(Pseudacris crucifer, blue circles), and Wood Frogs (Lithobates sylvaticus, red squares) in each year of study.

Precipitation is an important variable in the
phenology of early spring breeding amphibians
because rainfall may stimulate activity, and the
presence of snow will generally preclude the onset of
activity (Blanchard 1930; Sexton et al. 1990; Arietta et
al. 2020; Bison et al. 2021). An accumulation of snow
on the landscape insulates the shallow subterranean
habitats of terrestrially hibernating amphibians from
the influence of variable air temperatures (Bison et
al. 2021). Onset of amphibian activity usually occurs
several days after the snow has melted because of the
additional energy required to thaw frozen soil and
melt ice-covered ponds (Blanchard 1930; Baldauf
1952; Bison et al 2021). We recorded snow depth on
the DFA for each species and, when snow was absent,
calculated the number of days between DFA and the
last day with measurable snow. Daily precipitation
values in the meteorological record from Ithaca
follow a 24 h clock beginning/ending at 0700. We
recorded the precipitation total for the 24 h period
that includes the DFA.

To better understand the cumulative influence
of air temperature on activity, we computed two
metrics that have been associated with the onset of
amphibian activity. Following Sexton et al. (1990),
we calculated a running average of mean temperature

for the DFA and the two days prior (mean 3 d). We
also calculated thermal accumulation with a basal
temperature of 3° C from 1 February to the DFA for
each species in each year of the study. Although a
range of basal temperatures can be used in degree day
approaches, we selected the 3° C degree day (T3DD)
because this metric was the best predictor of date
of first calling for Spring Peepers in southern New
York (Lovett 2013). T3DD was calculated as the
difference between average daily temperature (°C)
and 3° C. By this method, a day with an average
temperature < 3° C yields 0 T3DD and a day where
the average temperature = 10° C yields seven T3DD.
We summed daily T3DD values for the period
of observation (February-April) beginning on 1
February (y-day = 32) and recorded species-specific
values for accumulated T3DD on the DFA.

To test the False Spring hypothesis, we quantified
days of freezing risk (DFR) associated with the onset
of amphibian activity. For each species in each year,
we computed the cumulative freezing risk after the
DFA. Following the methods of Bison et al. (2021),
we calculated DFR as the number of days when the
minimum daily temperature was < -2° C. DFR was
summed for each species from the DFA to 30 April.
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TaBLE 1. Number of iNaturalist observations (1 February to 30 April) for three species of early spring-breeding amphibians: Spring
Peepers (Pseudacris crucifer), Wood Frogs (Lithobates sylvaticus), and Spotted Salamanders (Ambystoma maculatum). Observations

were in the vicinity of Ithaca, New York, USA, over 9 y (2016-2024).

Species 2016 2017 2018 2019 2020 2021 2022 2023 2024 Total
Spring Peepers 2 4 14 9 10 21 28 39 10 137
Spotted Salamanders 7 20 41 28 24 55 193 108 70 546
Wood Frogs 1 1 2 6 3 4 10 26 10 65

We analyzed our data in R Statistical Software
(v4.2.2; R Core Team 2022). We compared DFA,
metrics of precipitation (snow depth, days from snow
melt, and daily precipitation), metrics of temperature
(maximum daily, mean 3 d, and T3DD), and DFR
for each species between 1900-1911 and 20162024
with a Wilcoxon Rank Sum Test with continuity
correction. We accepted significance when P < 0.05.
We mapped locations of amphibians on DFA in Ithaca
using ArcGIS Pro 3.1.0 (Esri, Redlands, California,
USA). We created boxplots of DFA and DFR using
ggplot2 (v3.4.4; Wickham et al 2016).

RESuLTS

Based on our review of several papers published by
Albert Hazen Wright, we identified records of the first
appearance of adults for nine Spotted Salamanders
(1900-1908), 12 Spring Peepers (1900-1911), and
six Wood Frogs (1904-1908, 1911). Wright (1908)
reported observations of Wood Frogs for each year
in the period 1900-1911, but the 1900-1903 and
1909-1910 observations were based on egg masses
suggesting activity began days earlier. We followed
Wright (1914) and excluded first appearance dates
for Wood Frogs when the DFA was based on the
observation of egg masses without adults present.
The iNaturalist query for observations of amphibians
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FiGURE 2. Box plot of days of first appearance (DFA) for Spot-
ted Salamanders (Ambystoma maculatum; AM), Spring Peeper
(Pseudacris crucifer; SP), and Wood Frog (Lithobates sylvaticus;
WEF) for (left) the early 1900s, and for (right) 20162024 in the
vicinity of Ithaca, New York, USA. The horizontal lines through
each box are the median values, the bottom and the top of the
boxes are the 1st and 3rd quartiles, and black dots are the DFA
value for each year of the study.

in the vicinity of Ithaca yielded 1,256 research grade
observations of amphibians of which 748 were of the
three focal species (Table 1). Spotted Salamanders
had the greatest number of observations in each of the
9 y and the most observations overall (546).

We found DFA significantly advanced in recent
years relative to the early 1900s for Spotted
Salamanders (W = 10.0, P = 0.008), Spring Peepers
(W=9.0, P=10.002), and Wood Frogs (W =4.5,P =
0.009; Fig. 2). When comparing recent observations
of DFA to the phenophase of first appearance given
by Wright, we found a 13.4, 17.5, and 11.8 d advance
in DFA for Spotted Salamanders, Spring Peepers,
and Wood Frogs, respectively, since the early 1900s.
We found little difference in the environmental cues
associated with DFA between periods of observation.
No measurable snow was present on DFA for any
species in 1900—1911. In recent years, measurable
snow was recorded on DFA in 2023 when 7.6 cm
of snow was present for Spotted Salamanders and
Spring Peepers. Although the daily measurement
of snow depth is determined at 0700, photographs
accompanying several iNaturalist observations
confirm the presence of snow that evening. No
measurable snow was recorded the following
morning. Days from snow melt were also similar for
both time periods. In 1900-1911, the average for each
species ranged from 11.2-13.2 d and in 20162024
the average for each species ranged from 8.4-9.9 d.
Precipitation associated with DFA was significantly
greater in 2016-2024 for Spring Peepers (W =285.5, P
=0.022), but not for Spotted Salamanders (/¥ = 56.0,
P=0.173) or Wood Frogs (W=18.0, P=0.307; Table
2). Maximum daily temperature associated with DFA
was significantly greater in 20162024 for Spotted
Salamanders (W= 67.0, P=0.021), but not for Spring
Peepers (W = 72.0, P = 0.212) or Wood Frogs (W =
38.0, P = 0.215; Table 3). Species-specific values
for mean 3-d temperature, and thermal accumulation
(T3DD) on the DFA were similar between time
periods for each species (P> 0.05). Freezing risk for
Spotted Salamanders (W = 76.0, P = 0.002), Spring
Peepers (W =97.0, P = 0.002), and Wood Frogs (W
=95.5, P =0.004) was significantly greater in recent
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TABLE 2. Precipitation cues on day of first appearance for three
early spring-breeding amphibians (Spring Peepers, Pseudacris
crucifer, Wood Frogs, Lithobates sylvaticus, and Spotted
Salamanders, Ambystoma maculatum) in the vicinity of Ithaca,
New York, USA. Early observations of Spotted Salamanders are
from 1900-1908. Values are mean + standard error. Sample sizes
were nine for all entries except Spring Peepers (n =12) and Wood
Frogs (n = 6) for 1900-1911. Bolding indicates a significant
difference between time periods based on a Wilcoxon Rank-Sum
Test.

TaBLE 3. Temperature cues on day of first appearance for three early
spring-breeding amphibians (Spring Peepers, Pseudacris crucifer,
Wood Frogs, Lithobates sylvaticus, and Spotted Salamanders,
Ambystoma maculatum) in the vicinity of Ithaca, New York, USA.
Early observations of Spotted Salamanders are from 1900-1908.
Values are mean + standard error. Sample sizes were nine for all
entries except Spring Peepers (n =12) and Wood Frogs (n = 6) for
1900-1911. Bolding indicates a significant difference between
time periods based on a Wilcoxon Rank-Sum Test.

1900-1911 20162024  P-value 1900-1911  2016-2024  P-value
Spring Peepers Spring Peepers
Snow depth (cm) 0.0+0.0 0.1+0.1 0.834 Maximum Daily 11.0£22 154+2.0 0.189
Days after snowmelt ~ 13.2+2.1  84+23  0.182 Temperature (°C)
L Mean 3d 6.1+12 28+23 0.203
Precipitation (mm) 1.1+0.9 2.1+£0.6 0.022 Temperature (°C)
Wood Frogs Thermal 355+£57  31.7£57 0792
Snow depth (cm) 0.0+0.0 0.0+0.0 - Accumulation
Days after snowmelt ~ 12.5+3.0  99+18 0478 Wood Frogs
Precipitation (mm) 27414 0504 0307 Maximum Daily 122+24  162+18 0215
Temperature (°C)
Spotted Salamanders
Mean 3d 72+22 6.2+1.4 0.607
Snow depth (cm) 0.0+0.1 0.1+0.1 1.000 Temperature (°C)
Days after snowmelt 11.2+14 9.0+2.2 0.594 Thermal 33.6+6.3 404+£52 0.529
Precipitation (mm) 0.8+0.7 1406  0.173 Accumulation
Spotted Salamanders
years than in the early 1900s (Fig. 3). On average, Maximum Daily 9414 155417  0.021
DFR has almost tripled for Spotted Salamanders (2.7 Temperature (°C)
X DFR19OOS), Sprlng Peepers (29 X DFR19005), and Mean 3d 49+07 52+15 1.000
Wood Frogs (2.8 x DFR1900s), with species-specific Temperature (°C)
increases of 11.2, 13.0, and 9.9 DFR, respectively. Thermal 337+64 364+44 0387
Accumulation

DiscussioN

Our study leverages publicly available citizen
science data from iNaturalist to demonstrate
an advance in the onset of activity in Spotted
Salamanders, Spring Peepers, and Wood Frogs
relative to data collected by faculty and students at
Cornell University in the early 1900s. We recognize
that unstructured citizen science datasets (e.g.,
iNaturalist) have the potential to introduce spatial or
temporal bias in observations of phenological events
(Gibbs and Breisch 2001; Callaghan et al. 2019;
Geurts et al. 2023). By restricting the area of interest
to approximate the area studied by Wright and
colleagues at Cornell University, we reduced, but did
not eliminate spatial bias in the 20162024 dataset.
For example, the specific locations were not available
for each of the observations by Wright; however,
several first appearances were reported from areas
adjacent to Cayuga Lake (e.g., base of West Hill and
Renwick Marsh; elevation 117 m). In the 1900s, these
low-lying areas had a slightly warmer microclimate

than higher elevation locations (Reed and Wright
1909). We found no DFA observations in the 2016—
2024 dataset from the remnants of Renwick Marsh at
the south end of Cayuga Lake. Many observations,
especially those of Spotted Salamanders and Spring
Peepers, were from natural areas at higher elevations
(about 300 m) and immediately adjacent to the
Cornell University campus. All else being equal,
favorable conditions for amphibians should occur
later at this higher elevation location.

A second potential bias in unstructured citizen
science datasets is the variability in observer
sampling effort (Callaghan et al. 2019; Geurts et al
2023). Wright was motivated to accurately describe
the life cycle of amphibians by detecting the earliest
and latest observations of several life-history events
(e.g., first appearance, first voice-record, first eggs,
last appearance) in each year and is presumed to have
made daily observations (Gibbs and Breisch 2001).
We do not know the motivation of the iNaturalist
observers in this study; however, observations of
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FI1GURE 3. Box plot of days of freezing risk (DFR) after the first
appearance for Spotted Salamanders (Admbystoma maculatum;
AM), Spring Peeper (Pseudacris crucifer; SP), and Wood Frog
(Lithobates sylvaticus; WF) for (left) the early 1900s, and for
(right) 2016-2024 in the vicinity of Ithaca, New York, USA. The
horizontal lines through each box are the median value, the bottom
and the top of the boxes are the 1st and 3rd quartiles, and black dots
are the DFR value for each year of the study.
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DFA for migrating amphibians were typically made
at night, during the work week, and in public spaces
on the Cornell University campus suggesting some
observers actively sought the time and place to record
sightings of these relatively cryptic species. We cannot
rule out the influence of convenience in the selection
of locations for these observations (Callaghan et al.
2019). Given the potential differences in location of
observations and sampling effort, we should expect
the citizen-science data to underestimate the DFA;
however, the extent of the underestimate is partially
offset by the greater number of observers active in
a similar geographic area. Recognizing that no
dataset is without bias (Geurts et al. 2023), these
observations contribute important ecological data
that allowed us to address three basic variables about
a key phenological event for early spring-breeding
amphibians.

Timing of early spring-breeding amphibians.—
Based on the differences between contemporary
and historic observations of the onset of activity, we
conclude that Spotted Salamanders, Spring Peepers,
and Wood Frogs appear above ground earlier in recent
years than they did in the early 1900s. This study is
the first, that we know of, to document an advance in
the onset of spring activity in Spotted Salamanders.
Our data complement the finding of advancing
activity by Spring Peepers and Wood Frogs in Ithaca
and elsewhere (Gibbs and Breisch 2001; Walpole et
al. 2012).

The first appearance of Spotted Salamanders,
Spring Peepers, and Wood Frogs in the vicinity of
Ithaca, New York has advanced 1.05-1.56 d/decade
since the early 1900s. Gibbs and Breisch (2001)
found the phenophase first voice advanced by 1.36

and 1.30 d/decade for Spring Peepers and Wood
Frogs, respectively between 1900 and 2000. The rate
of change observed for DFA in Ithaca is low relative
to the rate of advancement observed in other studies
of amphibians (Parmesan et al. 2007; While and Uller
2014). The low rate of change may reflect the high
interannual variation in the timing of environmental
cues that drive the breeding phenology in these
species.

Changes in environmental cues.—Among U.S.
climate regions, the Northeast has had the greatest
increase for intensity and frequency of heavy
precipitation events since 1901 (Jessica Whitehead
et al. 2023, op. cit.). Accordingly, we found that the
earlier onset of spring activity in Spring Peepers was
associated with greater precipitation now than in the
early 1900s. Most of first appearance records by
Wright for Spring Peepers (eight of 12 y) and Spotted
Salamanders (seven of 9 y) occurred on nights with
little (0.1 mm) to no (0.0 mm) precipitation. In
recent years, the DFA for these species was always
associated with at least 0.5 mm precipitation. The
consistency of precipitation as a cue for Wood Frogs
aligns with observations by Benard et al. (2023) who
found that ambystomatid salamanders responded to
thermal accumulation (more warmer days in a row)
than Wood Frogs, whereas Wood Frogs required
longer precipitation lags (more rainy days in a row)
than ambystomatid salamanders.

Based on his observations in Ithaca, Wright
(1908) considered a temperature of 50° F (10° C)
to stimulate activity in Spotted Salamanders. The
average maximum temperature (15.5° C) on the
DFA for Spotted Salamanders in recent years was
significantly higher. Temperatures that exceeded
16° C were occasionally observed prior to the
actual commencement of spring activity, but other
environmental factors (e.g., snow depth, pond ice,
soil temperature) likely inhibited the onset of activity.

We found that the onset of spring activity in Spotted
Salamanders, Spring Peepers, and Wood Frogs, was
associated with a thermal accumulation using a base
temperature of 3° C (Lovett 2013). Given that this
thermal cue did not differ significantly between time
periods, we pooled values to calculate an average
(= standard error) for thermal accumulation on the
DFA for 18 Spotted Salamanders (35.0 + 3.8 T3DD),
21 Spring Peepers (34.8 £ 3.9 T3DD), and 15
Wood Frogs (37.7 = 4.0 T3DD). The T3DD values
observed in our study are similar to the average value
(44.3 T3DD; n = 15 y) accumulated on what Lovett

471



Baker et al.—Onset of amphibian activity in New York.

(2013) called the day of first call for Spring Peepers
in southern New York.

Observations of early spring-breeding amphibians
in Ithaca before 20 T3DD have accumulated are
rare. Wright (1914) notes that the earliest of his first
appearance of Spring Peepers, 13 March 1911 (y-day
= 72; T3DD = 4.4), occurred in a marsh completely
covered with ice. Wright recorded the date of first
voice for this species on 5 April 1911 (y-day = 95;
T3DD = 25.6) and noted the 23-d lag from the date
of first appearance, which he called extreme for this
species. In recent years, the earliest DFA of a Spring
Peeper in Ithaca occurred on 20 February 2018 (y-day
= 51; Maximum Daily Temperature = 8.3° C; T3DD
= 10.2). After a brief warm period in February,
the maximum daily temperatures decreased, and
snow cover persisted from 2 to 24 March. Spotted
Salamanders and Wood Frogs were first observed on
29 March (y-day = 88; Maximum Daily Temperature
=7.8° C; T3DD = 37.3). Of 54 first appearances of
the focal species in this study, 48 occurred after 18.7
T3DD had accumulated and before 55.7 T3DD was
reached.

Increased risk of freezing—We found that
earlier onset of activity observed in Ithaca in recent
years is associated with an elevated risk of freezing
relative to the early 1900s. Earlier environmental
cues that stimulate activity are frequently followed
by subfreezing conditions that may injure or kill
amphibians. Adult Spotted Salamanders are not
freeze tolerant (Storey and Storey 1986; Jon Costanzo,
pers comm.) and may be killed or damaged by frost
exposure in all life stages (Walters 1975; Harris 1980;
Brodman 1995). In Durham, North Carolina, USA,
adult female Spotted Salamanders and their eggs
were killed after migrating to a vernal pond during
a warm period in January (Harris 1980). Favorable
conditions were followed by 11 d with an average
temperature < -2° C. In addition to 38 dead adult
females, this early cohort had significantly lower
embryonic survival (23%) relative to later breeding
waves in the same pond (Harris 1980).

Adult Spring Peepers and Wood Frogs are freeze
tolerant during hibernation; however, their ability
to survive freezing decreases in spring (Storey and
Storey 1987). Adult frogs that encounter subfreezing
temperatures during the breeding season may die or
experience neurobehavioral impairment that reduces
reproductive success (Costanzo et al. 1997). Frisbie
et al. (2000) found that embryos of Wood Frogs from
Kentucky, USA, were tolerant of freezing when

exposed to subfreezing temperatures, but not to the
extent of adult Wood Frogs. Brief (3.5 h) exposure
to -2° C is lethal to embryos of Wood Frogs (Frisbee
et al. 2000). In addition to direct mortality of eggs
and larvae by freezing, frost damage to the outer jelly
of amphibian egg masses can facilitate predation
(Walters 1975).

Conclusions—Spotted  Salamanders,  Spring
Peepers, and Wood Frogs have advanced the timing
of their first appearance in Ithaca, New York, relative
to the early 1900s. Onset of activity remains
relatively synchronous as these species appear to
respond to similar environmental cues. Taking the
earliest opportunity to breed may confer competitive
advantages to species and individuals that arrive first
in ephemeral ponds, but early activity also increases
the risk of death or injury by freezing.
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