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Abstract. Reduced water depth in dry years has been proposed to interact with ultra­
violet-B (UV-B) radiation and a pathogenic fungus to cause episodes of high mortality of 
amphibian embryos. Observations of breeding phenology of boreal chorus frogs (Pseudacris 
maculata) in Colorado from 1986 to 2001 show that dry years result in earlier breeding. 
The earliest and latest dates of maximum calling activity by males were 20 May and 16 
June, and the date of maximum calling was strongly related to the amount of snow accu­
mulation during the winter. Surface UV-B flux, estimated from satellite-based measure­
ments, was positively related to date of maximum calling. In dry years, surface UV-B 
during calling was reduced by an amount similar to that attributed to reduced depth. Al­
though there was a significant trend of increasing UV-B from 1978 to 2001 on the average 
date (2 June) of maximum calling activity, there was no relationship between year and 
surface UV-B at actual dates of maximum calling. Exposure to extreme temperatures is an 
alternative explanation for increased mortality of amphibian embryos in shallow water. 
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INTRODUCTION	 caused by single factors (Corn 2000), and interactions 
among two or more factors are likely important for 

Changes in external physical factors have often been 
declines without apparent causes (Alford and Richards invoked as causes for recent declines of amphibian spe­
1999). Changing climates may create conditions in cies in several places around the world (Waldman and 
which multiple factors interact to create increased risk Tocher 1998, Alford and Richards 1999, Boone et al. 
(Pounds 2001). In the Pacific Northwest, ENSO events 2002). Embryos of several species suffer increased 
result in low winter precipitation in the Cascade Moun­mortality when experimentally exposed to ambient ul­
tains. In the following spring, boreal toad (Bufo boreas)traviolet-B radiation (UV-B), and increased UV-B due 
embryos develop in shallower water than in years with to thinning stratospheric ozone is hypothesized as a 
high winter precipitation, and suffer greater mortality possible cause of amphibian declines (Blaustein et al. 
than in wetter years when embryos develop in deeper 1998). More fundamentally, species that breed in open 
water (Kiesecker et al. 2001). At depths �20 cm, in-water require water, and extinctions of cloud forest­
fection of toad embryos by the pathogenic fungus Sap-dwelling species in Costa Rica are correlated with in­
rolegnia ferax was �50%. Embryos of B. boreas havecreased drying during years with strong El Niño South-
been shown to be susceptible to S. ferax only in the ern Oscillation (ENSO) events (Pounds et al. 1999). 
presence of UV-B radiation (Kiesecker and Blaustein Survival of embryos depends on temperatures within 
1995). A more recent experiment exposed toad embry­a specific range (Moore 1949), and temperature also is 
os to ambient sunlight and sunlight with UV-B removed an important determinant of the timing of breeding 
at three depths (Kiesecker et al. 2001). Mortality of (Reading 1998). Some species of amphibians in Great 
embryos exposed to ambient sunlight exceeded mor-Britain are breeding significantly earlier in the year in 

response to warmer spring weather in the last 20 yr tality of embryos protected from UV-B only in the 

(Beebee 1995, Forchhammer et al. 1998), and shifts in shallowest treatment (10 cm), resulting in the conclu­

phenology may have complex effects on populations, sion that, in ENSO years, embryos of B. boreas develop 

some of which can be negative (Donnelly and Crump in shallower water, are exposed to higher doses of UV­
1998). B radiation, and consequently suffer catastrophic mor-

However, except for obvious habitat destruction, few tality from infection by S. ferax (Kiesecker et al. 2001). 
amphibian declines can be demonstrated to have been The data from this experiment in Oregon were de­

scribed to ‘‘. . . identify a complete chain of events 
whereby climate change causes wholesale mortality in Manuscript received 5 December 2001; revised 15 June 2002; 

accepted 19 June 2002. an amphibian population’’ (Pounds 2001). However, 
3 E-mail: scorn@usgs.gov episodic embryo mortality has not resulted in declines 
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PLATE 1. (Left) Lily Pond, Larimer County, Colorado, at sunset on 4 June 1988. Snowmelt was in progress, and boreal 
chorus frogs (Pseudacris maculata) were beginning to call from the emergent vegetation. (Right) Boreal chorus frog from 
Lily Pond. Photographs by P. S. Corn. 

of populations of B. boreas in Oregon (Olson 2001), 
and exposure to UV-B is controlled by factors other 
than water depth alone. Penetration of UV-B in surface 
water depends on the amount and type of dissolved 
organic carbon (DOC) (Morris et al. 1995), which are 
also related to precipitation (Schindler and Curtis 
1997). DOC concentration also varies considerably 
among amphibian breeding habitats (Adams et al. 2001, 
Peterson et al. 2002, Palen et al. 2002). UV-B flux 
varies annually and seasonally, and, combined with an­
nual variation in the timing of breeding, results in con­
siderable uncertainty in the amount of UV-B to which 
amphibian embryos may be exposed. 

Ultraviolet radiation incident on the Earth’s surface 
can be estimated using measurements of ozone thick­
ness, cloud transmittance, aerosol amounts, and surface 
reflectivity by satellite-based total ozone mapping 
spectrometers (TOMS) (Eck et al. 1995, Udelhofen et 
al. 1999, Middleton et al. 2001). In this study, we es­
timated the variation in UV-B flux that can be attributed 
to variation in the timing of breeding. We used 16 yr 
of observations of boreal chorus frogs, Pseudacris 
maculata (see Plate 1), at a pond in the mountains of 
Colorado to document variation in breeding phenology, 
and we combined these data with satellite-based esti­
mates of UV-B to determine the surface UV-B exposure 
during breeding. 

METHODS 

We used observations of calling activity by male P. 
maculata from 1986 to 2001 at Lily Pond, a shallow, 
snowmelt-filled, vernal pond in the mountains of north­
ern Colorado at an elevation of 2900 m (Vertucci and 
Corn 1996; see Plate 1), to quantify annual variation 
in breeding phenology. Breeding activity was defined 
by the date of maximum calling activity, estimated by 
two methods. From 1994 to 2000, we quantified calling 
intensity from tape recordings made by an automated 
recording system (Corn et al. 2000). One 12–18 s re­

cording was made each hour, and calling intensity was 
scored on a scale of 0 (none) to 3 (multiple, overlapping 
calls). A call saturation index (CSI) was computed for 
each day by summing the scores and dividing by 72 
(the number of observations, 24, times 3, the maximum 
possible score). The middle day of the 3-d period with 
the highest mean CSI was defined as the day of max­
imum calling activity. Before 1994 and in 2001 (equip­
ment failure), we interpolated the date when the max­
imum numbers of males were present in the breeding 
chorus based on capture–recapture efforts. 

To investigate environmental influences on breeding 
phenology, we used snow accumulation (measured as 
the water equivalent) and mean daily temperature col­
lected by an automated SNOTEL designated Joe 
Wright, 5 km southwest of Lily Pond. The SNOTEL 
(SNOwpack TELemetry) network is operated by the 
Natural Resources Conservation Service, and data were 
obtained from the National Water and Climate Center.4 

We obtained UV-B exposure data for 19 yr from the 
Nimbus-7 (1986–1992) and Earth Probe (1997–2001) 
missions (data were obtained from the National Aero­
nautics and Space Administration).5 Daily estimates of 
UV, adjusted for terrain height, agree well with ground-
based measurements when summed over a week or 
more (Herman et al. 1996, 1999, Udelhofen et al. 
1999). Due to satellite failure, no TOMS data are avail­
able for 1993–1996. Data are provided as erythemal 
exposure (UV-B weighted by the action spectrum for 
human skin irritation) and represent an estimate for a 
pixel of 1� latitude by 1.25� longitude, adjusted by the 
average elevation of the pixel. The TOMS data likely 
underestimate the exposure at Lily Pond at 2900 m. 
However, the patterns of variation are the most im­
portant aspect of these data, and we do not compare 
UV-B at Lily Pond to anywhere else. Therefore, we 

4 URL: �http://www.wcc.nrcs.usda.gov/�
 
5 URL: �http://jwocky.gsfc.nasa.gov/index.html�
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FIG. 1. Relationship between calling activity by male P. 
maculata and maximum snow accumulation (snow-water 
equivalent, cm) at Lily Pond, Colorado, USA. Data are la­
beled by year of observation. 

FIG. 3. 

R
ep

o
r
ts

 

have not recalculated the erythemal exposures to ac­
count for the specific elevation at Lily Pond. 

We used data from the pixel centered at 40.5� N, 
105.625� W. In each year for each day from 1 May to 
30 June, we calculated 10-d sums (in kJ/m2) of the daily 
erythemal exposure (J/m2). For example, the 10-d sum 
for 1 May 1986 was the sum of daily values from 27 
April to 5 May 1986, divided by 103. We used 10 d so 
that the satellite estimates would more accurately re­
flect surface irradiance, and because 10 d typically en­
compasses embryogenesis in P. maculata. 

RESULTS 

Calling by male P. maculata at Lily Pond varied 
considerably from year to year. The earliest date of 
maximum calling was 20 May, and the latest was 16 

Estimated 10-d sum of surface UV-B during max­
imum calling activity by P. maculata at Lily Pond. Data are 
labeled by year of observation. 

June. There was no relationship between date of max­
imum calling and year (linear regression: F � 0.83, P 
� 0.38). Neither was there a significant relationship 
between date of maximum calling and mean temper­
ature from 1 April to 15 May (F � 1.83, P � 0.21). 
Timing of calling, however, was strongly dependent on 
maximum snow accumulation (Fig. 1; Y � 0.463X � 
119.9, r2 � 0.54, P � 0.001). 

Changes in the date of maximum calling resulted in 
changes in surface UV-B exposure. UV-B flux in-

FIG. 2. Mean 10-d TOMS estimates of UV-B (solid line, 
n � 19 yr: 1979–1992 and 1997–2001) in northern Colorado 
from 1 May to 30 June. Dashed lines indicate upper and lower 
95% confidence intervals. 

FIG. 4. Estimated 10-d sums of surface UV-B on 2 June, 
the average date of maximum calling activity by P. maculata 
at Lily Pond (open circles, regression line) and on the actual 
dates of maximum calling activity (solid circles). 
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creased during the spring (Fig. 2), which resulted in 
frogs that bred in May being exposed to less UV-B than 
frogs that bred in June. The average 10-d UV-B on 16 
June (the latest day of maximum calling activity) was 
59.7 kJ/m2, and average 10-d UV-B on 20 May (the 
earliest day of maximum calling activity) was 49.5 kJ/ 
m2, a decrease of 17%. Using estimated UV-B for in­
dividual years, the minimum estimated 10-d UV-B, 
39.2 kJ/m2 in 1987 (21 May), is a 44% reduction from 
the maximum 10-d UV-B, 69.8 kJ/m2 in 1990 (10 June). 
The regression of UV-B on day of maximum calling 
activity also showed a significant decrease in UV-B 
when breeding occurred earlier (Fig. 3; Y � 0.656X � 
42.97, r2 � 0.53, P � 0.007). 

The TOMS data suggest that UV-B during the spring 
has increased in Colorado during the past two decades. 
There was a significant increase in the estimated sur­
face UV-B on 2 June, the average date of maximum 
calling by P. maculata at Lily Pond, between 1979 and 
2001 (Fig. 4; Y � 0.597X � 1132.4, r2 � 0. 37, P � 
0.006). However, using estimated UV-B for individual 
years, there was no relationship between year and the 
surface UV-B estimated for each year during breeding 
(Fig. 4; F � 0.09, P � 0.78). 

DISCUSSION 

In snow-dominated landscapes, such as the moun­
tains of western North America, phenology of many 
organisms, including amphibians, is determined by the 
timing of snow melt (Inouye et al. 2000, Corn, in 
press). Our results suggest that, despite a recent trend 
of increasing UV-B in Colorado during the time when 
amphibians are breeding, embryos of P. maculata have 
not been exposed to an increase in UV-B, because of 
variation in the timing of breeding. Breeding occurs 
earlier in the spring in dry years and UV-B flux in­
creases during spring, therefore, frogs may be exposed 
to less UV-B in dry years. Our data show that this 
decrease can be of similar magnitude as increases in 
UV-B due to shallower depths in dry years. For ex­
ample, we observed a 44% decrease in the estimated 
UV-B exposure between the earliest and latest dates of 
breeding. In an experiment in Oregon, the same 44% 
decrease in UV-B resulted from a 40-cm increase in 
water depth, and survival of B. boreas embryos in­
creased to �75% from �50% (Kiesecker et al. 2001). 
This equivalence is almost certainly coincidental, but 
it illustrates the opposing effects of earlier breeding vs. 
lower water levels. Observations of embryos devel­
oping in shallower water in dry years are insufficient 
information to conclude that UV-B dose is higher in 
dry years. 

It is important to note that UV-B estimates do not 
represent the dose of radiation received by amphibian 
embryos. Dose is some fraction of surface UV-B, and 
differences in dose in the same system should be highly 
correlated with surface UV-B. Daily TOMS estimates 
of UV-B can also vary significantly from ground-based 

measurements, but accuracy is increased when esti­
mates are integrated over several days (Herman et al. 
1999). The estimates of UV-B should be used cautious­
ly, but they are also the only estimates available for 
comparing to our long-term observations of P. macu­
lata. 

Determining the actual dose received by aquatic 
stages of amphibians is complex, and depends not only 
on radiation incident to the surface, but also on water 
chemistry, location of egg masses, structure of terres­
trial and aquatic vegetation (shading), and other fac­
tors. No study yet has measured the UV-B dose on 
amphibians in the field. However, Diamond et al. 
(2002) compared the dose-response relationships of 
three species of Rana to estimated UV-B exposure in 
26 wetlands and found that 21 sites never received the 
level of UV-B exposure that caused mortality or mal­
formations in controlled experiments. Two other recent 
studies have attempted to characterize spatial variation 
in UV-B exposure in amphibian habitats. Palen et al. 
(2002) used attenuation coefficients from 136 ponds in 
the U.S. Pacific Northwest to estimate UV-B exposure 
at 10 cm below the surface. They found that 85% of 
ponds would not be expected to experience the amount 
of UV-B associated with mortality of B. boreas em­
bryos (Kiesecker et al. 2001). Peterson et al. (2002) 
found that 99% of surface UV-B was attenuated be­
tween 5 and 20 cm depth in 30 wetlands in northern 
Wisconsin and Minnesota. 

Another caveat to our analysis is that we used an 
index (calling by males), rather than presence and 
abundance of eggs, to indicate breeding by P. macu­
lata. Females of this species deposit their clutch in 
several small egg masses, which are difficult to detect 
at Lily Pond because of dense vegetation. Based on 
observations of other populations of Pseudacris, how­
ever, we have no reason to suspect that egg deposition 
is not coincident with calling by males. We also focused 
on exposure to embryos, rather than other life stages 
(tadpoles, metamorphosing frogs), but embryos are the 
only stage that undergoes a static exposure to UV-B. 
Amphibian larvae may actively avoid exposure to high 
UV-B (Nagl and Hofer 1997, van de Mortel and But­
temer 1998). 

Seasonal and spatial variation may raise questions 
about increased exposure to UV-B as a cause of am­
phibian declines, but are there other consequences to 
variation in the timing of breeding? Extreme temper­
atures can be lethal to amphibian embryos, and tem­
perature stress is as plausible a hypothesis as increased 
UV-B to explain episodes of high mortality of B. boreas 
observed in Oregon (Blaustein et al. 1994, Kiesecker 
et al. 2001). Mean temperatures did not differ among 
the treatments at different depths in the Oregon ex­
periment, but temperature ranges were not reported 
(Kiesecker et al. 2001). The extremes of temperature 
are likely more important than the mean, and temper­
ature is more variable in shallower water. Data from 
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an amphibian-breeding site in western Montana show 
this clearly (P. S. Corn, unpublished data). Automated 
loggers recorded water temperatures hourly during 
April 2000, when three amphibian species were breed­
ing. One logger (littoral) was placed next to the bank, 
resting on the bottom in water 5 cm deep, and the other 
logger (deep) was suspended 10 cm below the surface 
in water 50 cm deep. Mean temperatures were similar 
for both locations (littoral � 9.9�C, deep � 9.3�C), but 
the minimum temperature was lower at the littoral lo­
cation (2.1�C vs. 4.2�C). The range of temperatures at 
the littoral location (20.9�C) was twice the range at the 
deep location (10.4�C). An experiment on B. boreas 
embryos at two sites (Kettle Tarn and Lost Lake) in 
Colorado found no mortality due to UV-B, but did ob­
serve significant mortality between sites that may have 
been related to temperature (Corn 1998). At Kettle 
Tarn, embryos were reared at a mean depth of 9.8 cm, 
and water temperature varied between 6� and 19�C. 
Embryo mortality at this site was 28%. At Lost Lake, 
embryos were reared at 3.4 cm, and water temperature 
varied from 0.5� to 23.6�C. Embryo mortality was 42%. 
The experiment was not designed to test the effects of 
temperature on embryo mortality. Therefore, it is un­
known whether the more extreme temperatures were 
responsible for the higher mortality at Lost Lake. How­
ever, the differences in mortality are similar to those 
attributed to UV-B for embryos reared at different 
depths (Kiesecker et al. 2001). 

In central Colorado, there is a trend toward later 
dates of the last killing frost, but the timing of snow 
melt has not changed (Inouye et al. 2000). This in­
creases the risk of exposure to lethal temperatures to 
organisms, such as amphibians, whose phenology is 
controlled by snow melt. Extreme temperatures, which 
have been largely ignored in discussions of amphibian 
decline, are likely to become increasingly important, 
if scenarios of future climate change prove correct 
(McCarty 2001). Ultimately, whether temperature or 
UV-B is the greater proximate risk factor resulting from 
climate change, much of the variation introduced by 
climate change is unlikely to be beneficial to amphibian 
populations (Ovaska 1997, Donnelly and Crump 1998). 
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