Oecologia (1989) 80:456—464

Oecologia

© Springer-Verlag 1989

Does parasitic infection compromise host survival
under extreme environmental conditions?
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Summary. This laboratory study examined the influence of
parasitic infection by larval trematodes on the survival of
extreme environmental conditions by the salt marsh snail,
Cerithidea californica. Experimental treatments simulated
the durations, combinations, and levels of potentially lethal
environmental extremes to which the snail is exposed in
its natural habitat, as determined from long-term field mea-
surements. No significant difference was found in the rates
of mortality suffered by infected and uninfected snails when
exposed to simulated, natural extremes of water tempera-
ture, water salinity, or exposure in air. Exposure to low
levels of dissolved oxygen was the only treatment that
caused differential mortality: infected snails died at higher
rates than uninfected. This differential mortality was accen-
tuated by high water temperature, and varied with the spe-
cies of infecting parasite. The potential impact of this inter-
action between parasitism and anoxia on snail survival and
population dynamics is discussed.
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Parasites have a variety of deleterious effects on individual
hosts and, in some instances, a dramatic impact on host
population size and dynamics (e.g. Anderson 1979; Ander-
son and May 1982; Holmes 1982; Augspurger 1984; Les-
sios et al. 1984; Dobson and Hudson 1986; Short et al.
1987). Parasites may affect the sizes of host populations
by reducing rates of host reproduction and by increasing
rates of host mortality.

Cerithidea californica, the salt marsh snail examined in
this study, is first intermediate host to 15 species of castrat-
ing, larval trematodes in the study area (Sousa 1983, 1989),
and at least 18 species in California (Martin 1955, 1972;
Yoshino 1975). The results of previous studies of the influ-
ence of larval trematode infections on host longevity (see
Discussion) suggest that the degree of differential mortality
suffered by infected molluscs depends not only on the par-
ticular host-parasite association under study, but also on
the kind and level of coincident abiotic stress experienced
by the host. The purpose of this laboratory study was to
determine whether parasitism by larval trematodes influ-
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ences the rate of mortality suffered by Cerithidea californica
when it is exposed to extreme physical conditions. The re-
sults allow us to evaluate the potential effect of differential
mortality due to parasitism on host population dynamics.

Experimental treatments were designed to simulate as
closely as possible, the durations, combinations, and levels
of potentially lethal, environmental extremes to which the
snail is exposed in its natural habitat. Test conditions were
based on long-term, on-site measurements of selected physi-
cal variables. The study period encompassed a variety of
extreme climatic conditions including a series of severe
winter storms in 1982-1983 associated with a strong, Pacific
El Nifio (Cane 1983; Rasmusson and Wallace 1983), an
unsually wet winter in 1985-1986, and a drought in
1987-1988, so our measurements probably span much of
the range of abiotic conditions that could influence the im-
pact of parasitism on the survival of Cerithidea at our study
site.

Methods
Experimental design

Naturally infected and uninfected snails were exposed to
laboratory conditions that mimicked the following environ-
mental stresses: 1) desiccation in warm air, 2) immersion
in water of high salinity and temperature, 3) immersion
in water of low salinity and temperature, and 4) immersion
in oxygen-poor water. In each of these separate experi-
ments, controls with more moderate conditions were run
simultaneously.

The chosen values of air temperature, water tempera-
ture, and water salinity (and combinations thereof) were
based on field measurements made over 4.5-7 years at the
Pine Gulch Creek (PGC) site in Bolinas Lagoon, Marin
County, California (37°55'N, 122°41’W). Snails used in
the experiments were collected from this site. The study
site, as well as the biology of Cerithidea and its trematode
parasites are described in Sousa (1983).

Maximum-minimum air temperatures were measured
with a thermometer permanently positioned about 1m
above a stand of pickleweed (Salicornia virginica), 20 m
landward of the lower limit of marsh vegetation, and at
a tidal height of approximately 2.7 m above Mean Lower
Low Water (MLLW). Recorded air temperatures were read

This content downloaded from 169.229.32.136 on Sat, 1 Mar 2014 22:12:23 PM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

Temperature (°C)

--1984 —1985
J FMAMJI JASOND

----1986 -——1987 ——1988

Month

Fig. 1. Maximum-minimum air temperatures (1984-1988) in the
salt marsh at the Pine Gulch Creek study site

at each visit to the study site from 14 June 1984 to 23 Oc-
tober 1988 (Fig. 1). Temperatures and salinities of standing
water in the tidepools inhabited by the snails (Sousa 1983)
were measured several times each seasonal quarter during
daytime visits (0923-1830 h) at low tide, from 13 June 1981
to 29 March 1988 (Fig. 2). Minimum water temperatures
experienced by the snails probably occur at night, and thus
are not accurately estimated by our daytime measurements.
In shallow tidepools (<10 cm deep), minimum, or night-
time, water temperatures are likely to approach the mini-
mum air temperatures. We therefore used minimum air
temperatures as estimates of minimum water temperatures.
The particular conditions used in each experiment (Table 1)
are described and justified below. Our aim is to tie experi-
mental protocols to natural regimes of abiotic stress in the
study area.

Desiccation. During most of the year on the northern coast
of California at least one high tide a day covers the
+1.3-1.6 m MLLW tidal range (Tide tables, United States
Department of Commerce) inhabited by the bulk of the
Cerithidea population (W. Sousa, unpubl. data), relieving
the desiccation stress on snails left stranded outside of tide-
pools during the intervening period of low water. In the
months of March and April, however, there are periods
of up to 6 days in which the maximum tidal height does
not exceed +1.4-1.5m MLLW. At these times, the stand-
ing water in many of the tidepools drains or evaporates
completely, leaving the snails exposed to the air on the
dried surface of the mud. Experimental treatments were
intended to simulate 5 and 12 day periods of such dry condi-
tions, and were run in an environmental chamber at day-
night temperatures approximating maximum-minimum air
temperatures recorded in April (Fig. 1, Table 1). Experi-
mental snails were maintained on dry paper towels in
30 cm x 16 cm x 8.5 cm clear plastic boxes, while control
snails were kept in similar boxes on paper towels that were
resaturated with fresh seawater daily.

High salinity and temperature. At low tide on sunny days
in late spring and summer, water in the tidepools may warm
to more than 35° C (Fig. 2). Coincident evaporation raises
the salinity of the water to over 60 ppt, nearly twice that
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Fig. 2. Salinity and temperature of standing water in salt marsh
tidepools at the Pine Gulch Creek study site during daytime low
tides in eight years (1981-1988). A total of 670 measurements were
made. Plotted points are the maximum and minimum salinities
observed at each degree of water temperature recorded in a particu-
lar season. Symbols indicate the seasonal quarter of measurement:
22 December-21 March (circle), 22 March-21 June (square), 22
June-21 September (triangle), 22 September—-21 December (dia-
mond)

of seawater. These extreme conditions rarely persist for
more than about 4-6 h, because either the sun sets or the
site is flooded by an incoming tide. Rainfall rarely occurs
during this time of year (W. Sousa, unpubl. data) and,
therefore, does not ameliorate high salinity conditions. The
experimental treatment simulated 6 h of daylight immersion
in such hot, salty water (Table 1). Two controls were run,
both with a lower salinity approximately equal to that of
seawater: one at the same high water temperature as the
experimental treatment; the other at room temperature.
The experimental containers were 250 ml glass beakers;
plastic mesh restrained the snails below the water surface.
The treatment and warm-water control were maintained
in a heated water bath. The room temperature control was
run on the adjacent lab bench top. All beakers were exposed
to ambient, daytime light from a north-facing window.

Low salinity and temperature. Most of the yearly rainfall
at the study site occurs from October to April (W. Sousa,
unpubl. data). Heavy rains and associated flooding of Pine
Gulch Creek, which empties into the lagoon at the study
site, can cause sharp reductions in the salinity of standing
water in tidepools at ebb tide and in surface waters during
flood tide. Snails can experience salinities of 0.0 ppt (Fig. 2)
for several days at a time depending on the tidal amplitude,
weather conditions, and degree of flooding. From October
to late March, no more than 3 successive days pass without
a high tide covering the vertical range of the snails (Tide
tables, United States Department of Commerce) raising the
salinity of the water around them.

To simulate the above conditions, experimental treat-
ments and controls were run for 3 days. Six combinations
of water salinity and temperature were evaluated (Table 1):
three salinities corresponding to fresh, brackish, and seawa-
ter at two water temperatures (approximate winter-spring
minimum (Fig. 1) and room temperature control). The ex-
perimental procedures were identical to those employed in
the high salinity-high temperature trials, except that temper-
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Table 1. Designs of environmental stress experiments. See text for methods and reasons for selecting tabulated values

Experiment Treatment/  Duration Light* Temperature Salinity Dissolved O,
control (h) (Day:Night h) (Day:Night °C) (ppt) (ppm)
Desiccation 1 120 12:12 28.4: 8.9 dry in air
2 120 12:12 28.4: 89 moist in air
3 288 12:12 28.4: 89 dry in air
4 288 12:12 28.4: 89 moist in air
High salinity and temperature 1 6 6:— 38.5:— 60.0 °
2 6 6:— 38.5:- 340 ®
3 6 6:— 22.0:- 34.0 °
Low salinity and temperature 1 72 12:12 5.0: 50 0.0 b
2 72 12:12 20.0:20.0 0.0 °
3 72 12:12 5.0: 5.0 20.0 ®
4 72 12:12 20.0:20.0 20.0 °
5 72 12:12 5.0: 50 35.0 °
6 72 12:12 20.0:20.0 35.0 °
Anoxia 1 193 15:9 30.0:18.0 35.0 0.3-2.8
2 193 15:9 30.0:18.0 35.0 2.5-8.7
3 534 11:14 20.0:10.0 35.0 0.3-2.5
4 534 11:14 20.0:10.0 35.0 3.3-8.7

® Fluorescent lamps, 20 watts

® Not monitored, water was aerated immediately prior to start of experiment

atures (and the light regime) were maintained by environ-
mental chambers rather than water baths. The water in
each beaker was replaced daily with aerated water of the
appropriate salinity.

Anoxia. There are two circumstances when snails may expe-
rience stressful anoxic conditions. The first occurs during
the summer and fall after attached mats of green algae
(primarily Enteromorpha and Ulva) and large quantities of
drifting algal wrack have accumulated on the mudflats and
in high pools inhabited by Cerithidea. These algae eventual-
ly die and decay, generating anaerobic conditions in surface
sediments (evidenced by their blackening) and probably in
the near-bottom water of the pools.

Snails may also experience anoxic conditions during the
winter when they burrow 1-3 cm beneath the mud surface.
Once buried, they remain dormant until warmer spring con-
ditions bring them to the surface to feed and mate (Sousa
1983). This dormancy is occasionally broken in mid-winter
on sunny, warm days when snails will return to the surface
and feed, only to reburrow with the onset of colder, night-
time temperatures.

We did not attempt to measure the concentrations of
dissolved O, experienced by snails in the two situations
described above. Other studies, however, have shown that,
in the absence of aerating bioturbation, the concentration
of O, in the interstitial water of estuarine sediments falls
to 0.0 ppm 1-7 mm below the surface of the sediment (e.g.
Sorensen et al. 1979; Revsbech et al. 1980; Baillie 1986).
In Sorensen et al’s (1979) study, the concentration of O,
at the sediment surface was found to vary from 7.5 ppm
in summer to 11.3 ppm in winter. Everett (1988, pers.
comm.) recorded an average O, concentration of 2.3 ppm
in surface sediments immediately beneath decaying algal
mats in Bodega Bay, California, with a minimum value
of 1.0 ppm (samples taken in October). At concentrations

of 1.0-1.7 ppm, he detected a strong odor of hydrogen sul-
fide. In contrast, the average concentration of dissolved
0O, in the water immediately overlying the algal mats was
9.9 ppm.

Two experimental treatments were employed: one mim-
icked an anoxic event in summer/fall and the other, expo-
sure to low O, concentrations in winter. Low O, concentra-
tions were achieved by bubbling N, gas into a 76 1 aquarium
filled with seawater until the concentration of dissolved O,
fell to 0.3 ppm. O, concentrations were measured with a
Nestor model # 8500 portable dissolved oxygen/B.O.D.
meter. Experimental snails were introduced into 250 ml
flasks that had previously been submerged in the aquarium.
Each flask was stoppered underwater to reduce the intro-
duction of air. The top of each flask was then covered
with Parafilm held tightly in place with a rubber band.
Inevitably, some leakage of air into the flasks occurred
causing O, concentrations to rise over the course of the
experiment to maximum concentrations of 2.5-2.8 ppm.
Flasks containing control snails were filled with aerated
seawater (8.7 ppm O,) and stoppered and sealed in the same
manner as the low oxygen flasks. This water was replaced
at least once daily, but respiration by the enclosed snails
over the intervening 13-28 h reduced O, concentrations to
minimum levels of 2.5-3.3 ppm (summer-winter condi-
tions). As expected, the drop in O, concentration was
greater in the warm temperature controls. In an effort to
reduce the confounding effects of epizoic algal photosynthe-
sis and respiration, the shells of all snails were scrubbed
with a brush prior to the experiment to remove as much
algae as possible. Experimental temperature and light cycles
(Table 1) roughly matched average conditions during these
two seasons and were maintained by environmental
chambers. The environmental regime in each control was
identical to that of the respective treatment.

The two conditions of anoxia described above may last
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anywhere from a few hours to many days. Therefore, the
durations of the treatments were roughly 1 and 3 weeks
(Table 1), which we believe realistically approximate the
average length of exposure to anoxia in summer and winter,
respectively.

General procedures

Approximately two weeks prior to each experiment, large
samples of snails were collected from 2-3 tidepools at the
PGC site that were known from prior sampling to have
relatively high infection rates. These snails were screened
in the laboratory for the presence of nature infections by
inducing cercarial larvae to shed (see Sousa 1983). Snails
were maintained at a constant temperature of 14° C except
when being screened for infections. They were held in closed
plastic boxes on paper towels that were regularly dampened
with seawater, and were not fed. To reduce the complicating
influence of seasonal acclimation (Vernberg and Vernberg
1967; Tallmark and Norrgren 1976), each experiment was
run during the season in which the stress it mimicked natu-
rally occurs. Since juvenile Cerithidea are rarely infected
(Sousa 1983), the question of differential mortality due to
parasitism was examined for adult snails only.

Replicates were run for all treatments and controls. De-
pending on the experiment and the sample size for a particu-
lar parasite, each replicate contained about 5-10 individ-
uals. Visual inspection indicated little variation in the rate
of mortality among replicates, so we pooled the data (i.e.
counts of dead and surviving snails) across replicates to
obtain an adequate sample size for statistical analysis. The
resultant multidimensional contingency tables were ana-
lyzed with log-linear models (Fienberg 1970; Bishop et al.
1975).

The distributions of infections by different species of
larval trematodes among size-classes of Cerithidea are not
homogeneous (Sousa 1983, unpubl. data). Consequently,
it was not possible to perfectly match the sizes of snails
infected by the different species of parasites tested in the
experiments, and some significant differences remained
(Appendices 1 and 2). In all cases, however, there was con-
siderable overlap in the size ranges used. The lengths of
non-shedding snails used in each trial were matched as
closely as possible to those of the infected individuals. The
cercarial shedding procedure cannot identify snails that
carry immature infections. All non-shedding individuals,
dead or alive, were therefore dissected at the end of each
experiment to determine if they were indeed uninfected and
if so, what sex they were. The sex of an infected individual
is often impossible to determine from visual inspection
(Sousa 1983) and was not considered in this study.

To distinguish dead from surviving snails at the end
of each trial, all individuals were placed in 1 cm deep,
freshly aerated seawater for 24 h before final inspection.
Just prior to inspection, the water was warmed with a lamp
to stimulate the snails. Survivors actively crawled and rapid-
ly retracted their bodies into the shell when touched with
a probe. Moribund individuals retracted very slowly and
often incompletely, and could not crawl. It was judged that
these individuals would probably succumb under natural
conditions and they were considered to have been killed
by the treatment. Dead animals were immobile and did
not retract when touched.
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Results

Very few snails died, whether infected or uninfected, in the
desiccation, high salinity and temperature, or low salinity
and temperature experiments (Table 2). A single snail (in-
fected by the cyathocotylid) died in the control for the 288 h
desiccation trial, and no snails died in any of the high salin-
ity and temperature treatments. Mortality was slightly high-
er in the low salinity and temperature experiment, but less
than 5% of the snails died in any of the treatments. Only
11 snails died out of 432 placed in freshwater for 3 days.
Snails responded to freshwater by withdrawing tightly into
their shells for the duration of the experiment. The numbers
of deaths in these experiments were too small to allow statis-
tical comparison among specific categories of infection, or
even between pooled categories of infected versus unin-
fected individuals. It is clear, however, that infected snails
did not suffer differential mortality under any of these envi-
ronmental conditions.

Further, incidental observations and preliminary experi-
ments revealed no evidence of differential mortality due
to parasitism under durations of desiccation and low salin-
ity that exceed those measured during our seven years of
field monitoring. No snails, uninfected (n=27) or infected
(n=43), died when left in an open plastic box lined with
dry paper towels by a south-facing window (21-24° C) for
192 h. Eight out of 12 infected snails accidentally left in
a similar dry condition in a 14° C coldroom survived for
3 mo., as did their parasites. Only 7.4% of 27 uninfected
snails and 2.3% of 43 infected snails died during a 170 h
immersion in freshwater at 20° C. A 260 h freshwater im-
mersion at the same temperature killed 33.3% of uninfected
(n=30) and 45.0% of infected snails (n=40). In neither
case, was the difference between the percentages of unin-
fected and infected snails killed statistically significant
(170 h: G=1.01, d.f.=1, p=0.315; 260 h: G=0.98, d.f.=
1, P=0.322).

In marked contrast, anoxia caused high mortality at
both experimental temperatures (Table2). Almost no
snails, infected or uninfected, died in either of the controls
with higher O, concentrations. Low expected values for
the number of dead snails in these high oxygen conditions
precluded analysis of the experiment as a four-way contin-
gency table. Instead, we restricted the analysis to the low
oxygen treatments, examining two different three-way ta-
bles. The first analysis examined the survival of infected
versus uninfected snails, pooled over parasite species and
sex of snail (for uninfected snails), as a function of tempera-
ture. There was a significant three-way interaction between
the variables (Table 3): under low oxygen conditions, in-
fected snails died at a higher rate than uninfected ones,
and this differential mortality was enhanced at high temper-
atures. This influence of temperature is even more striking
given that snails in the low temperature treatment were
exposed to anoxic conditions for almost three times as long
as those in the high temperature treatment. Separate analy-
ses of survival as a function of parasitism at each tempera-
ture confirm the strong differential mortality suffered by
infected snails (low temperature: G=43.16, d.f.=1, P<
0.001; high temperature: G=98.08, d.f. =1, P<0.001).

Analysis of a similar three-way table comparing rates
of host mortality under low oxygen conditions caused by
each of the four most abundant parasites tested shows that
the rate of mortality varied with the species of infecting
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Table 2. Percent mortality of parasitized and unparasitized Cerithidea in the four experiments. Numbers in parentheses are the sample
sizes for each snail condition; sample sizes for parasites are total infections, i.e. the sum of shedding and non-shedding infections
(see text for details). See Table 1 for descriptions of treatments and Appendix 1 for key to parasite species codes

Expt./ Snail condition
Treat. #
Uninfected Infected by Totals
M F As Cj Cy Ep Ec Hr Mi Pa Re AH Ul 1
Desiccation
1 0.0 0.0 0.0 - 0.0 0.0 - - - 0.0 - - 0.0 0.0
(8) (16) Q) 30 @) (10) (24)  (48)
2 0.0 0.0 0.0 - 0.0 - - 0.0 - 0.0 0.0 - 0.0 0.0
(5) ) ) (27) ) 14 (14)  (58)
3 0.0 0.0 0.0 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0 - 0.0 0.0
(5) (10) (®) ¢)) 32 @ @ ¢} 10 @ asy 1
4 0.0 0.0 0.0 - 32 0.0 - - - 0.0 0.0 - 0.0 1.9
10 )] (€ ) )] az @ 19)  (53)
High salinity and temperature
1 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0 - 0.0 0.0 - 0.0 0.0
10 (an (14) 31 (15  (© (16) 16 @) (21)  (102)
2 0.0 0.0 - - 0.0 0.0 - 0.0 - 0.0 0.0 - 0.0 0.0
10 (13) 30 (1) an an @ (23)  (66)
3 0.0 0.0 0.0 - 0.0 0.0 - 0.0 - 0.0 0.0 - 0.0 0.0
(8) (12) 1) (€L I ) (16) as (200 (70
Low salinity and temperature
1 0.0 33 0.0 0.0 23 0.0 - 0.0 - 4.8 0.0 - 1.9 24
(22)  (30) ae @ 43) 29 (16) 62) (1) (52)  (168)
2 0.0 0.0 0.0 100.0 4.6 0.0 0.0 0.0 - 438 0.0 - 0.0 3.6
13 (32 (8) ) 44 (29 @) (16) 63 (% 45  (67)
3 0.0 4.2 0.0 50.0 21 0.0 - 6.3 - 0.0 0.0 - 22 18
21 (29 ) 2 @ Q30 (16) 62) (1) 45  (167)
4 0.0 0.0 0.0 50.0 0.0 0.0 - 6.3 - 3.2 0.0 0.0 0.0 24
(20)  (30) ) () 45 (29 (16) 62 1) (50)  (166)
5 0.0 0.0 0.0 0.0 0.0 0.0 - 0.0 - 22 0.0 - 0.0 0.7
an 23 ) 1) 46 (31 (16) 45 Q) (34  (150)
6 11.1 0.0 0.0 - 0.0 0.0 0.0 5.3 0.0 23 0.0 - 29 1.3
) (25) ®) 45 @30 M a9 o “) @ (34)  (149)
Anoxia
1 5.9 0.0 - - 90.9 63.6 - 100.0 - 87.0 - - 23 86.1
an  @n (22) (@1 (20) (23) (44)  (86)
2 0.0 0.0 0.0 - 0.0 0.0 - 53 - 0.0 0.0 - 0.0 11
(200  (19) ) 2N Qo (19) @@ @ 39 9D
3 0.0 22.7 0.0 - 80.0 38.1 - 100.0 - 60.0 0.0 - 10.6 67.5
(25 (22) ) (200 (21 (20) 20 (1) 47 (83)
4 0.0 0.0 - - 0.0 0.0 - 0.0 - 4.8 0.0 - 0.0 1.2
@1)  (26) (200 Q0 (21 @) 7 @8y

parasite (i.e. significant species x survival interaction, Ta-
ble 3). As in the first analysis, the mortality caused by the
four species of parasites increased significantly with temper-
ature (i.e. significant temperature x survival interaction, Ta-
ble 3), however, the relative impacts of the four species on
host survival did not vary with temperature (i.e. no signifi-
cant three-way interaction, Table 3). A posteriori compari-
sons of the percent mortality suffered by the different cate-
gories of infected snails revealed that those parasitized by
Himasthla suffered the highest mortality, and those infected
by Echinoparyphium, the least (Table 4). Snails infected by
the cyathocotylid or Parorchis died at intermediate rates.

Discussion

Our laboratory experiments indicate that parasitized Cer-
ithidea do not suffer differential mortality under realistic

extremes of desiccation, salinity and water temperature.
Further, parasitized or not, adult Cerithidea exhibit a re-
markable physiological tolerance of, and are rarely killed
by, such extremes (see also Scott and Cass 1977; McCloy
1979; and Race 1981). Therefore, mortality of neither in-
fected nor uninfected adults due to these particular environ-
mental conditions is likely to be an important contributing
factor to changes in snail population density, except under
unusual, “catastrophic” circumstances (see below).

How do Cerithidea's responses to the above physical
stresses compare to those of other mollusc-trematode asso-
ciations? As we found for Cerithidea, parasitic infections
do not appear to compromise greatly the physiological re-
sponses of other species of marine molluscs to variations
in salinity (e.g. sporocyst and redial infections of the snail,
Nassarius obsoletus: Sindermann and Rosenfield 1957;
Kasschau 1975 (but see caveat of Lauckner 1980, p. 372),
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Table 3. Results of multidimensional contingency analyses of sur-
vival rates in low oxygen treatments of the anoxia experiment (see
Table 2). The reported values of the test statistic G are those asso-
ciated with the deletion of the indicated terms. In other words,
they test whether the removal of a term significantly reduces the
fit of the model. Factors are water temperature regime (temp),
presence of parasites (infect), species of parasite (species), and sur-
vival (surv)

Analysis 1: Survival as a function of parasitic infection and regime
of water temperature

Interaction df G

temp x infect x surv 1 7.19**

Analysis 2: Survival as a function of species of infecting parasite
and regime of water temperature

Interaction® df G

temp X species X surv 3 0.55"
species X surv 3 30.56***
temp x surv 1 7.60**

** P<0.01, *** P<0.001, ™ P>0.05

* The temp x species interaction was not tested because it was fixed
by the experimental design

Table 4. Statistical comparison of mortality suffered by different
categories of infected snails in the low oxygen treatments of the
anoxia experiment. A simultaneous test procedure for unplanned
comparisons of proportions (Sokal and Rohlf 1981, p. 728) was
applied to pooled data from treatments 1 and 3 (see Tables 1 and
2). Lines connect categories with equal rates of mortality (P> 0.05).
See Appendix 1 for parasite species codes. Size of pooled sample
in parentheses

Infecting parasite Ep Pa Cy Hr
% mortality 52.4 74.4 85.7 100.0
42) (43) 42) (40)

Riel 1975; metacercarial infections of the clam, Cardium
edule: Lauckner 1983). On the other hand, our finding that
parasitized Cerithidea did not suffer increased mortality
under high temperature conditions is unusual. Larval tre-
matode infections have been shown experimentally to cause
increased mortality at high water temperatures in a wide
variety of molluscan hosts, including the marine snails Nas-
sarius obsoletus (Vernberg and Vernberg 1963, but see op-
posite result of Riel 1975), N. reticulatus (Tallmark and
Norrgren 1976), and Littorina littorea (McDaniel 1969;
Lauckner 1980), the freshwater snail, Biomphalaria glabrata
(Lee and Cheng 1971), and the marine clam, Cardium edule
(Lauckner 1983). We know of no previous experimental
studies of the effect of trematode parasitism on a molluscan
host’s ability to survive desiccation stress.

The coastal lagoons of central and southern California
occasionally experience natural disturbances that alter
physical conditions to such a degree that even the broad
tolerances of Cerithidea are exceeded. One such disturbance
is the closure of a lagoon mouth by oceanic deposition
of beach sand (Scott and Cass 1977; Zedler et al. 1986;
Onuf 1987). The impounded water may be fresh to brackish
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in winter and spring months due to high rainfall and terres-
trial runoff, but turn hypersaline in summer due to evapora-
tion. In addition, as evaporation proceeds and the level
of the impounded water drops, large areas of the mudflat
may be exposed to the air for weeks or months at a time,
with no relief by tidal inundation.

Meandering shifts in the directions and positions of
creek channels can also cause extreme alterations of the
local lagoon environment. Such changes in creek morphom-
etry are generated by the high stream flow associated with
large winter rainstorms, and the resulting deposition of er-
oded sediments. They produce sharp, semipermanent reduc-
tions in the salinity of sites in or near the new course of
the diverted stream (W. Sousa, pers. obs.). Both of the
above processes can expose snails to prolonged periods of
extremely harsh conditions that exceed their physiological
tolerances, and can cause the extinction or near extinction
of local snail populations (Zedler and Nordby 1986; W.
Sousa, unpubl. data). In such circumstances, the question
of differential mortality due to parasitism is moot. All
snails, infected or uninfected, are killed.

Anoxia was the only environmental stress we tested that
caused differential mortality of parasitized Cerithidea. This
differential mortality was greater under a warm, summer
temperature regime than a colder, winter one. We are aware
of only one previous study that has tested for such an effect.
Using a similar experimental design, Olivier et al. (1953)
found that the freshwater snail Australorbis glabratus (Bio-
phalaria glabrata) suffers no mortality when exposed to an-
aerobic conditions for 6 h whether infected by Schistosoma
mansoni or uninfected, but 16 h of anoxia caused a marked
differential mortality of infected snails.

An interacting stress associated with anoxic conditions
in both our laboratory experiment and in nature (Theede
et al. 1969; Fenchel and Riedl 1970; Newell 1979) is expo-
sure to potentially toxic concentrations of hydrogen sulfide,
an endproduct of anaerobic decomposition (sulfate reduc-
tion) by bacteria. The seawater of our low oxygen treat-
ments turned a murky gray to black over the course of
the experiment and smelled strongly of hydrogen sulfide.
Although we did not measure its concentration in the exper-
imental flasks, hydrogen sulfide poisoning probably con-
tributed to the differential mortality of infected snails.

A likely explanation for our finding that infected Cerith-
idea survived the low oxygen treatment better under cooler,
winter conditions, is that physiological stresses associated
with anaerobic conditions are reduced at low temperatures
due to the concomitant decline in snail and parasite meta-
bolic rates. Theede et al. (1969) found a similar tempera-
ture-dependent response to both anoxia and hydrogen sul-
fide in several species of benthic marine invertebrates; how-
ever, these authors did not examine the influence of parasit-
ism on this response.

Several studies have demonstrated that the impact of
infection on host metabolism and/or survival varies with
the species of trematode involved (e.g. Lunetta and Vern-
berg 1971; Robson and Williams 1971; Watts 1971 ; Cheng
et al. 1983). Such species-specific effects may explain the
differential mortality suffered under anoxic conditions by
Cerithidea infected with different parasites. A definitive an-
swer to this and other questions concerning the mechanisms
responsible for the observed differential mortality of in-
fected snails under anoxic conditions awaits detailed physi-
ological studies of Cerithidea and its trematode parasites.
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At present, we can only speculate about the frequency
and intensity with which anoxic conditions cause differen-
tial mortality of infected snails in nature. Colder winter
temperatures and the associated reduction in snail and par-
asite metabolisms may ameliorate low oxygen stress in bur-
ied, aestivating snails. In addition, this stress is relieved
when snails return to the surface on warmer, sunny days.
Therefore, infected individuals may not suffer strong dis-
proportionate mortality during this time of year. In con-
trast, warmer temperatures of summer and fall accelerate
the decomposition of dying algal mats, as well as the meta-
bolic rates of snails and parasites, accentuating low oxygen
and hydrogen sulfide stress on infected snails. In estuarine
environments, the rate of sulfate reduction and resultant
production of hydrogen sulfide is higher, and the process
occurs at shallower sediment depths, in warm summer
months (Sorensen et al. 1979). Thus, the risk of mortality
due to anoxia is probably greatest in summer and fall. Snails
may be able to avoid these stresses by moving to pool mi-
crohabitats where oxygen concentrations are higher, i.c.
shallow edges of pools and the adjacent, moist, emergent
substratum. Snails commonly exhibit this pattern of local
distribution in summer (W. Sousa, pers. obs.) possibly re-
flecting such avoidance behavior. McCloy (1979) demon-
strated that snails that become trapped beneath algal mats
often suffer high mortality. He did not note, however,
whether this mortality fell disproportionately on infected
individuals. We plan to test for this pattern in future field
experiments.

Quantifying differential mortality of infected snails
under natural anoxic conditions will not be easy. Its occur-
rence is likely to be very patchy in space and time, reflecting
the highly variable distribution and persistence of attached

and drifting algal mats (Everett 1988). Its intensity and
frequency will also depend on spatial and temporal patterns
of infection within the snail population, including the spe-
cies composition of the parasite guild. These patterns are
highly variable (W. Sousa, unpubl. data). Finally, unlike
some sources of snail mortality such as crab predation,
death due to anoxia leaves no distinctive trace on the shell
of the deceased. We cannot, therefore, distinguish snails
that are killed by anoxia from those that were killed by
other agents that also do not damage the shell. Despite
these difficulties, anoxic conditions remain a potentially im-
portant cause of mortality in Cerithidea populations, along
with predation by crabs and disturbance by storm flooding
(McCloy 1979; W. Sousa, unpubl. data). Our findings indi-
cate that trematode parasitism exacerbates the negative im-
pact of anoxic conditions on snail survival and population
density. Under more moderate environmental conditions,
however, the castrating effect of larval trematode infections
(Sousa 1983) is likely to have a greater negative impact
on snail population density than any reduction these para-
sites cause in snail longevity.
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Appendix 1. Median, minimum, and maximum lengths (mm, aperture to apex) of snails used in experimental trails. Sample sizes appear
in respective tables of results. A median without an associated min-max value indicates a sample size of one

Snail condition Code® Experiment

Desiccation High salinity Low salinity Anoxia

and temperature and temperature

median min-max median min-max median min-max median min-max
Uninfected
All 26.3 23.1-29.8 26.0 21.5-30.1 23.7 17.0-30.6 243 18.4-29.4
Male UI-M  26.7 23.6-29.4 259 23.7-28.5 23.0 17.5-30.6 24.0 19.8-29.4
Female UI-F  26.1 23.1-29.8 26.4 21.5-30.1 243 17.0-30.1 244 18.4-28.2
Infected by
Acanthoparyphium spinulosum As 25.8 23.3-29.7 27.0 22.5-34.1 26.4 10.0-34.0 26.8 20.9-32.1
Catatropis johnstoni Cj 27.6 - - - 22.0 21.0-25.8 - -
Unidentified cyathocotylid Cy 29.1 24.0-33.9 29.1 22.1-35.6 27.8 16.3-34.2 29.1 21.2-334
Echinoparyphium sp. Ep 27.8 26.0-31.5 279 22.6-33.3 24.2 17.0-35.8 241 17.9-32.2
Euhaplorchis californiensis Ec - - 32.7 29.0-36.8 26.2 24.8-32.9 - -
Himasthla rhigedana Hr 26.7 25.8-29.7 30.3 25.5-39.6 28.3 21.3-36.6 298 23.6-35.4
Unidentified microphallid Mi 30.0 - - - 23.6 - - -
Parorchis acanthus Pa 28.7 23.4-36.2 30.7 23.0-38.7 26.6 17.2-38.9 271 20.9-35.7
Unidentified renicolid Re 27.0 25.1-29.6 27.7 25.5-29.0 26.4 22.0-31.0 24.8 23.4-25.6
Double infection: AH - - - - 35.3 - - -

Austrobilharzia sp.
and H. rhigedana

® Same codes are used in Tables 2 and 4, and Appendix 2
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Appendix 2. Statistical comparisons for each experiment of lengths of snails in each condition listed in Table 1, for which the sample
size was greater than one. Nonparametric Kruskal-Wallis tests and Dunn’s method of a posteriori multiple comparisons were employed
because large variation in sample size resulted in heterogeneous variances. Data were non-normal in a number of cases. Assumptions

of parametric statistical tests could not be met with transformations. Lines connect conditions with the same distributions of snail
lengths (P> 0.05)

Kruskal-Wallis Dunn’s multiple comparisons
statistic H

Experiment Snail condition®

Desiccation 88.8%** As Ul Hr Re Ep Pa Cy

High salinity and temperature 132.1 %+ Ul As Ep Re Cy Hr Pa Ec

Low salinity and temperature 256.8 *** uI® Ep Cj As Re Ec Pa Hr Cy
3 - (c)

Anoxia 137.8 Ul Ep Re As Pa Hr Cy

*** P<0.001

® See Appendix 1 for key to codes

® Lengths of uninfected female snails were significantly greater than those of uninfected male snails in this experiment (H=23.8, P< 0.001).
In the other experiments, they were not significantly different (P> 0.05)
¢ Pa<Cy, Cy=Hr=Ec=Re
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