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ABSTRACT Previous research has shown that amphibi-
ans have differential sensitivity to ultraviolet-B (UV-B) radi-
ation. In some species, ambient levels of UV-B radiation cause
embryonic mortality in nature. The detrimental effects of
UV-B alone or with other agents may ultimately affect am-
phibians at the population level. Here, we experimentally
demonstrate a synergistic effect between UV-B radiation and
a pathogenic fungus in the field that increases the mortality
of amphibian embryos compared with either factor alone.
Studies investigating single factors for causes of amphibian
egg mortality or population declines may not reveal the
complex factors involved in declines.

In the Pacific Northwest, high mortality of eggs in certain
amphibian species has recently been attributed to two main
agents, ultraviolet-B (UV-B; 290-320 nm) radiation and a patho-
genic fungus, Saprolegnia ferax (1-3). For example, the western
toad (Bufo boreas) has experienced 50% to nearly 100% egg
mortality at several sites in the Oregon Cascade Range (3, 4).
Conversely, Pacific treefrog (Hyla regilla) eggs in the same ponds
and lakes as B. boreas have not experienced unusual mortality (1).
Recent research showing that amphibians have differential sen-
sitivity to ambient UV-B radiation is consistent with these
observations. When shielded from UV-B radiation B. boreas and
Cascades frog (Rana cascadae) eggs showed much higher hatch-
ing success than unshielded eggs (1). Hatching success in H. regilla
was unaffected by shielding (1).

Potential detrimental effects of UV-B radiation acting with
other agents (3) may enhance egg mortality in nature and
ultimately affect amphibians at the population level. Indeed,
populations of amphibians in widely distributed locations,
including B. boreas and R. cascadae, appear to have undergone
declines and range reductions in recent times (5-9), with some,
perhaps, becoming extinct (10, 11). Habitat destruction and
natural population fluctuations undoubtedly play a role in the
declines of some populations (12, 13). However, several in-
vestigators have suggested that UV radiation may be one factor
contributing to the declines of certain populations in relatively
remote regions where there are no other obvious explanations
(1, 11, 14).

The detrimental effects of UV-B radiation on amphibian
embryos acting alone or synergistically with other agents are
poorly understood in natural systems. For example, in nature,
it is possible that the effects of pathogens, such as Saprolegnia,
may be enhanced when defense systems are weakened by
stressors (3, 7). One source of stress, UV-B radiation, has
well-documented effects that weaken disease defense systems
(15, 16).

To test the hypothesis that UV-B radiation and Saprolegnia
interact synergistically to enhance amphibian egg mortality, we
conducted field experiments on R. cascadae, B. boreas, and H.
regilla to assess the hatching success of their eggs. All three
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species lay their eggs in open, shallow water, exposed to UV-B
radiation and Saprolegnia.

MATERIALS AND METHODS

Experiments were conducted at three natural oviposition sites
in the central Oregon Cascade Range from March 17 to July
13, 1994. Tests of all species were conducted at Three Creeks
Lake (43 km west of Bend, Deschutes County, OR; elevation
2000 m). Additionally, tests of B. boreas were conducted at
Lost Lake (Linn County, OR, 97 km east of Albany; elevation
1220 m) and of R. cascadae and H. regilla at Small Lake (Linn
County, OR, 92 km east of Albany, OR; elevation 1190 m).
Enclosures (38 X 38 X 7 cm) were placed in small plastic pools
(110 cm in diameter, 18 cm deep) so that we could control
Saprolegnia densities. Within the pools eggs were emersed in
5-10 cm of natural lake water, a depth at which eggs are
naturally laid (17). Pools with enclosures were placed in a
linear array parallel to the water’s edge in a 2 X 3 randomized
block design (18) with three sunlight treatments crossed with
two fungal treatments. There were four replicates for each
treatment. Thus, there were 24 enclosures at each site.

Enclosures had clear Plexiglas frames with floors of 1-mm?
fiberglass mesh screen. For R. cascadae and B. boreas, 25 eggs
from each of six different clutches (total = 150 eggs per
enclosure) were placed in each enclosure. Because of their
small clutch size, for H. regilla we used eggs from more than six
clutches and randomly assigned 25 eggs from at least six
clutches to each enclosure (total = 150 eggs per enclosure). A
UV-B-blocking filter (50 X 50 X 7 cm) made of Mylar was
placed over one-third of the enclosures. An acetate filter that
transmitted UV-B (a control for using a filter over the eggs)
was placed over another third of the enclosures. The remaining
enclosures had no filters. Analyses with an Optronics Inter-
national (Chelmsford, MA) model 752 spectroradiometer
showed that the Mylar blocked 100% of UV-B. The acetate
allowed about 80% UV-B transmission.

Saprolegnia was cultured in the laboratory on 20 ml of corn
meal agar in standard Petri dishes. Using the standardized
culture protocol, boiled hemp seeds (19) were added to
cultures and cultures were allowed to incubate at 20°C for
~168 hr. In the pools where Saprolegnia was added, we
introduced three hemp seeds laden with Saprolegnia (=3000-
5000 zoospores per liter).

In experiment 1, we placed 150 newly deposited eggs (<24
hr old) in each of 24 enclosures at natural oviposition sites of
each species. The enclosures at each site were randomly
assigned to unfiltered sunlight, sunlight filtered to remove
UV-B and shorter wavelengths, and sunlight filtered to remove
wavelengths shorter than UV-B. We randomly added S. ferax
to half of the enclosures in each sunlight treatment (see Fig. 1).
To the remainder of the enclosures, we added the antifungal
agent Malachite green (20, 21) to remove any Saprolegnia that
may be present naturally. Enclosures were placed in plastic
pools. Within the pools, eggs were emersed in natural lake
water.
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Experiment 2 was conducted at Three Creeks Lake simul-
taneously with the tests conducted for experiment 1 at Three
Creeks Lake. In experiment 2, we used procedures identical to
those in experiment 1 except that enclosures were placed
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FiG. 1. Experiment 1: Effects of UV-B radiation and manipulated
amounts of S. ferax on hatching success (¢ = SE) in B. boreas, R.
cascadae, and H. regilla. m, UV-B-blocking filter; 8, UV-B-
transmitting filter; &, no filter.
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directly into the lake. Thus, in this experiment, embryos were
exposed to all three sunlight regimes and natural levels of
Saprolegnia.

The experiments ended when all embryos either hatched or
died. Survival was measured as the proportion of hatchlings
produced per enclosure. The proportion of hatchlings pro-
duced per enclosure (survivorship through hatching) was
assessed using analysis of variance (ANOVA) to test for
differences among the treatments.

RESULTS

In experiment 1, the ANOVA indicated a significant UV-B
effect by itself. However, the effect is secondary to the

Table 1. Experiment 1: ANOVA of hatching success in three
amphibian species

Source of variation MS df F P
B. boreas
Lost Lake
uv 0.034 2 55.920 <0.001
Fungus 0.574 1 938.024 <0.001
UV X fungus 0.043 2 69.484 <0.001
Error 0.001 18
Three Creeks
uv 0.023 2 16.958 <0.001
Fungus 0.493 1 363.966 <0.001
UV X fungus 0.025 2 18.455 <0.001
Error 0.001 18
R. cascadae
Small Lake
uv 0.014 2 7.544 0.004
Fungus 0.658 1 360.660 <0.001
UV X fungus 0.018 2 10.079 <0.001
~ Error 0.002 18
Three Creeks
uv 0.032 2 15.879 <0.001
Fungus 0.748 1 368.494 <0.001
UV X fungus 0.027 2 13.529 <0.001
Error 0.002 18
H. regilla
Small Lake
uv 0.001 2 0.977 0.396
Fungus 0.137 1 266.734 <0.001
UV X fungus 0.001 2 2.185 0.141
Error 0.001 18
Three Creeks
uv <0.001 2 0.300 0.746
Fungus 0.060 1 150.834 <0.001
UV X fungus <0.001 2 0.018 0.982
Error <0.001 18

A preliminary analysis indicated no significant block effects (i.e., no
differences between temperature or other variables among blocks).
Therefore, the block and error terms were pooled for remaining tests
(18). Post hoc comparisons (Tukey Test) (18) were performed to test
for differences between means among the six regimes. Temperatures
were taken within enclosures for each species in each treatment. Mean
temperatures (and ANOVAs) are given for each species at each site
for the unfiltered, UV-B-transmitting, and UV-B-blocking regimes
with and without the fungus respectively: Bufo at Lost Lake = 8.3°C,
8.7°C, 8.8°C, 9.1°C, 8.6°C, and 8.5°C, Fs ;3 = 0.822, MS = 0.034, P =
0.649; Bufo at Three Creeks = 12.0°C, 12.9°C, 13.2°C, 12.1°C, 12.8°C,
and 12.6°C, Fs 13 = 1.294, MS = 0.039, P = 0.160; Rana at Small Lake
=10.8°C, 11.3°C, 10.7°C, 11.3°C, 10.7°C, and 10.3°C, Fs 13 = 1.061, MS
= 0.034, P = 0.464; Rana at Three Creeks = 10.9°C, 12.6°C, 11.5°C,
11.4°C, 11.6°C, and 12.5°C, Fs 13 = 2.237, MS = 0.043, P = 0.227; Hyla
at Small Lake = 11.2°C, 10.9°C, 11.6°C, 11.4°C, 10.7°C, and 11.9°C,
Fs38 = 1.561, MS = 0.005, P = 0.271; Hyla at Three Creeks = 12.3°C,
13.8°C, 14.3°C, 13.6°C, 13.7°C, and 12.9°C, Fs,13 = 0.798, MS = 0.006,
P = 0.667. MS, mean square; F, F statistic [with degrees of freedom
(df)]; P, probability.
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interaction effect of UV-B radiation and fungus. All three
species had reduced hatching success in the presence of
Saprolegnia. However, with Saprolegnia present, UV-B en-
hanced this effect in Bufo and Rana (Fig. 1; Table 1). H. regilla
hatching success was not affected by UV-B and its hatching
success was reduced only in the presence of Saprolegnia.

In experiment 2, the hatching success of B. boreas and R.
cascadae was also greater in regimes shielded from UV-B (Fig.
2; Table 2). H. regilla hatching success did not differ among the
regimes.

DISCUSSION

We have shown a synergistic interaction between a pathogen
and UV-B radiation that is killing amphibian embryos in
nature. Although UV-B radiation and Saprolegnia alone may
damage Rana and Bufo embryos, the results of experiment 1
showed that UV-B radiation and Saprolegnia together pro-
duced an effect that was greater than the effect of UV-B
radiation or Saprolegnia alone. Thus, complex interactions
among several factors may affect amphibians in nature that
could potentially lead to a population decline. R cascadae
populations have virtually disappeared from the southern
portion of their range in California and have shown declines
in Oregon (8, 9). B. boreas, a previously ubiquitous species in
western North America (22), has undergone drastic declines in
numbers throughout its range and has exhibited unusually high
egg mortality at certain montane sites (3, 7, 8). :

Saprolegnia is a well-known pathogen of amphibians and
fishes (3). Yet, it has been largely overlooked in the context of
amphibian declines (3). Saprolegnia occurs in lakes and ponds
with amphibians in Oregon. The origin of Saprolegnia at our
study sites is unknown, but one likely source is infected
hatchery-reared fishes that are stocked throughout the Cas-
cade Range (3).

UV-B radiation probably does not contribute to the declines
of all amphibian populations. For example, UV-B radiation is
less likely to affect species that lay their eggs in relatively deep

100

3 3 8

Mean proportion surviving to -hatching
8

Hyla Rana Bufo

FiG. 2. Experiment 2: Effects of UV-B radiation on hatching
success (£ + SE) of eggs emersed directly into a lake. This experiment
was conducted at Three Creeks Lake simultaneously with the tests
conducted at this site described in the legend to Fig. 1. The methods
and materials were identical to those in Fig. 1, except that enclosures
were placed directly into a lake rather than into pools and Saprolegnia
was not added to enclosures. Thus, if Saprolegnia was present, eggs
were exposed to natural levels of the pathogen. Enclosures were placed
in a linear array, in a randomized block design, with three replicates
for each treatment. @, UV-B-blocking filter; g, UV-B-transmitting
filter; m, no filter.
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Table 2. Experiment 2: Univariate analysis (ANOVA) of hatching
success in three amphibian species )

Source of variation MS df F P
B. boreas
Three Creeks
Treatment 0.048 2 19.97 0.002
Error 0.002 6
R. cascadae
Three Creeks
Treatment 0.396 2 12.98 <0.001
Error <0.001 6
H. regilla
Three Creeks
Treatment <0.001 2 3.43 0.723
Error <0.001 6

A preliminary analysis indicated no significant block effects. There-
fore, the block and error terms were pooled for remaining tests (18).
Post hoc comparisons (Tukey Test) (18) were performed to test for
differences between means among the three regimes. Temperatures
were taken within enclosures for each species in each treatment. Mean
temperatures (and ANOVAs) are given for each species for the
unfiltered, UV-B-transmitting, and UV-B-blocking regimes, respec-
tively: Bufo = 13.9°C, 14.3°C, and 14.1°C, F25 = 0.497, MS = 0.011,
P = 0.786; Rana = 11.6°C, 12.1°C, and 11.3°C, F26 = 4.599, MS =
12.671, P = 0.345; Hyla = 14.8°C, 15.3°C, and 15.6°C, F2,, = 0.175, MS
= 0.001, P = 0.952. MS, mean square; F, F statistic [with degrees of
freedom (df)]; P, probability.

water or under dense foliage, shielded from solar radiation
(10, 11). However, we suggest that the anticipated progres-
sive expansion of UV-impacted areas to lower latitudes
(23-25) could potentially lead to increased mortality of
amphibian embryos as they develop in nature. Moreover,
individuals not directly exposed to UV-B radiation or Sa-
prolegnia may become contaminated as Saprolegnia-infected
individuals disperse.

Multnfactor studies investigating stressors that may com-
promise disease defense mechanisms are warranted (3, 7,
16). Furthermore, our results suggest the importance of
multifactor studies when investigating mortality factors in
early life stages that could eventually lead to a population
decline.
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