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ABSTRACT: I examined the resistance of 2 competing estuarine mudsnails, Cerithidea californica
(native) and Batillaria attramentaria (exotic), to mortality from microbes and associated alteration of
the abiotic environment (i.e., hypoxia). B. attramentaria is displacing C. californica from salt marshes
of northern California where the 2 species overlap. I first examined the mortality and distribution of
the snails during 2 natural experiments in Bolinas salt marsh (Marin Co., California, USA) that
exposed the snails to high bacteria levels and low oxygen conditions for prolonged periods (>3 wk).
Second, I conducted 2 laboratory experiments designed to quantify the rates and mechanisms of snail
mortality related to bacterial activity. In both the field and the lab, B. attramentaria was significantly
more resistant to death by low oxygen. Lab experiments demonstrated that indirect effects of bacte-
ria, i.e., low oxygen levels (as opposed to direct infection by bacteria), were responsible for the high
mortality rate of C. californica. In the field, C. californica seemed able to mitigate effects of hypoxia
by migrating away from sources of high stress, but only when the harmful bacterial activity was
highly localized. Ultimately this study illustrates that stress from microbial action differentially affects
the 2 competing species and thus contributes to the invader's documented displacement of the native
in marshes where they co-occur. Given the growing incidence of eutrophication and associated
anoxic conditions in near-shore aquatic environments worldwide, differential susceptibility to
hypoxia/anoxia may increasingly contribute to the outcomes of biological invasions in these habitats.
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INTRODUCTION

As invasions of exotic species in aquatic ecosystems
increase (Drake et al. 1989, Carlton 1992, Carlton &
Geller 1993, Lodge 1993, Mills et al. 1993, Lafferty &
Kuris 1996, Cohen & Carlton 1998), evaluation of the
mechanisms contributing to invaders' success becomes
increasingly important. Escape from natural enemies is
frequently identified as an advantage contributing to
the proliferation of non-indigenous species (Huffaker
1971, Lawton & Brown 1986, Crawley 1987, Wilson
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1989, Wells & Henderson 1993, Trowbridge 1995).
However, the emphasis in the ‘freedom from natural
enemies’ paradigm has been on macropredators. The
influence of microscopic natural enemies, e.g., bacteria
or parasites, on invasion failure or success is almost
always overlooked despite these organisms’' ubiquity
and often extreme influence on species’ life histories,
distributions, and population dynamics (Price et al.
1986, Hochberg 1991, Sikorowski & Lawrence 1994).
For a fuller understanding of invasion mechanisms we
must incorporate evaluation of these ‘unseen’ players
into analyses of invasion success (Settle & Wilson 1990,
Barber & Mann 1994, Hanley et al. 1995, Chu 1996,
Byers 2000a).

Similar to macropredators, microscopic enemies
could theoretically help to either prevent or promote
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biological invasion. But unlike typical predators or
parasites, microscopic enemies can commonly exert
indirect species. These indirect effects occur when
microbes alter the abiotic conditions in the surround-
ing environment. For example, bacteria rapidly con-
sume oxygen (e.g., Porter et al. 1996, Uncles et al.
1998) and produce toxic extracellular products, e.g.,
H,S (Landsberg 1995, Gunnlaugsdottir & Gudmunds-
dottir 1997). Such alteration of the physical environ-
ment, which is usually accentuated by certain hydro-
graphic conditions (e.g., Breitberg 1990, Lenihan &
Peterson 1998), can impact species differentially, fre-
quently by imposing differential mortality (Das &
Stickle 1993, Marcus & Lutz 1994, Vistisen & Vismann
1997). In the case of successful invasion, heightened
resistance to byproducts or environmental conditions
created by microbial activity (e.g., hypoxia, H,S) may
play a role in allowing the exotic species to experience
lower mortality rates than native analogues. If the
native and exotic species compete, differential suscep-
tibility may accentuate competitive outcomes by help-
ing to reduce the numbers, fitness, or competitive abil-
ities of the native competitor (Park 1948, Freeland
1983, Price et al. 1988, Minchella & Scott 1991, Schall
1992), leading to declines or exclusion of the native
species. As low oxygen events, such as hypoxia (<2 mg
0O, I'Y) and anoxia (0 mg O, I'!), increase globally in
frequency and duration in near-shore and estuarine
environments (Officer et al. 1984, Elmgren 1989,
Cooper & Brush 1991, Parker & O'Reilly 1991, Dyer &
Orth 1995, Iversen et al. 1998), exposing the influence
of this mechanism on invasion success is essential.
Here I initiate exploration of the potential for oxygen
depletion events to influence the outcomes of the in-
creasing number of biological invasions.

The interaction between the 2 salt marsh mudsnails
Cerithidea californica and Batillaria attramentaria is
well suited to address the role of microbial activity in
invasion success. The common horn snail C. californica
is an abundant epifaunal grazer in marshes from San
Ignacio Bay, Mexico to Tomales Bay, California, USA.
The exotic mudsnail B. attramentaria was introduced
to the West Coast of North America in the late 1920s
with aquaculture imports of the Pacific oyster Cras-
sostrea gigas (Bonnot 1935, Barrett 1963). Because it
produces eggs that attach to the mud surface and de-
velop directly (Whitlatch 1974, Yamada & Sankurathri
1977), B. attramentaria has stayed confined within the
bays to which it was introduced. In bays in northern
California the native snail has declined and, in a few
areas where B. attramentaria has attained high abun-
dances, C. californica may have disappeared entirely
(Carlton 1975, McDermott 1996, Byers 1999). Both spe-
cies compete for epipelic diatoms on the marsh surface
and B. attramentaria's superior resource conversion

efficiency has been demonstrated as a sufficient mech-
anism to account for the displacement of C. californica
(Byers 2000a). Also, the snails harbor several species
of trophically transmitted trematode parasites (Sousa
1983, Lafferty 1993, McDermott 1996), which castrate
the snails at even low levels of infection, and appear to
aid B. attramentaria by infecting C. californica at a
higher frequency (McDermott 1996, Byers 2000a).

In addition to the documented differences between
the species that contribute to Batillaria attramentaria's
invasion, susceptibility to microbial activity may also
influence the outcome of the invasion. I first noticed
the potential for bacteria to play a role in the dynamics
of the snails’ populations after observing the effect of
submersion on snails that I was maintaining in an
aquarium. After several months, despite a mud sub-
strate with food (epipelic diatoms) and constant aera-
tion, the snails died and a white growth appeared on
the shells of some. Also, in late spring of 1996 after the
mouth of Carpinteria salt marsh (Santa Barbara Co.,
California) was closed for 4 to 5 d due to severe sedi-
mentation, I noticed many sluggish and several dead
Cerithidea californica with bacteria on the shells, even
2 to 3 d after the marsh’'s channel was re-opened. In
both cases, it was not known whether the bacteria
found on dead snails were the direct agents of mortal-
ity or an opportunistic scavenger on dead material.
Here I report on 2 natural experiments involving bac-
terial exposure that arose in Bolinas salt marsh (Marin
Co., California) as well as the results of 2 laboratory
experiments designed to determine more precisely the
role of microbes in aiding the proliferation of B. attra-
mentaria and displacement of C. californica in marshes
of northern California. The goals of this study are to
determine (1) if microbial activity influences the inva-
sion process by causing differential mortality in the
competing snail species, and (2) if snail mortality is due
to direct, pathogenic effects of bacteria or to more indi-
rect, density-independent effects on snails caused by
alteration of the surrounding environment by bacterial
activity.

METHODS

Natural experiments. The first natural experiment in
Bolinas Lagoon (Marin Co., California) was the ~3 wk
submersion of an area within the salt marsh contain-
ing sympatric snail populations. Bolinas Lagoon is a
unique site because it contains the only marsh on the
West Coast of North America where both species cur-
rently reside in relatively equal densities (Byers 1999).
I had been measuring densities of Cerithidea califor-
nica and Batillaria attramentaria in 4 sympatric popu-
lations in the southern marsh of Bolinas since 1994 as
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part of a long-term monitoring study to examine the
rate of native species displacement by the exotic Batil-
laria. The populations that I monitored resided in 4
distinct marsh pannes, elevated and isolated areas of
exposed mud surrounded by vegetation. Because of
the relatively stationary early life histories of these
snail species (Whitlatch 1974, Yamada & Sankurathri
1977) and typically limited movement as adults (J.E.B.
unpubl. data), marsh pannes contain essentially closed
populations. Density measurements of each species,
live and dead, were counted in all years with a 0.05 m?
quadrat that was placed haphazardly inside each
marsh panne. The number of quadrats used varied
(n =5 to 12) depending on the size of the panne. In the
summer of 1996, I added another, smaller marsh panne
(8 m?) to the sampling design. During the early sum-
mer of 1998 this panne became blocked off with sedi-
ment and debris and did not drain or flush for >3 wk.
Consequently, the water in the panne (depth ~0.3 m)
became stagnant and the opportunity arose to examine
the effects of prolonged submersion on mortality of the
2 competitors.

First, [ used a 1-way ANOVA (with time as the factor,
and each year from 1996 to 1998 as levels) and post-
hoc Tukey tests to determine significant differences in
the population densities of the 2 snail species between
years in this submerged panne. Due to heteroscedasti-
city in Cerithidea californica data, I log-transformed
data [x' = In(x+1)] for both species. Sample sizes were
too small to test for normality; however, there was no
skewness or kurtosis to the distributions of transformed
density counts. Second, I compared the relative change
in density for each species during years both before
and after the submersion event. Specifically, I com-
pared the slope of the log of density between 1996 and
1997, i.e., before the submersion event, using a t-test
that compared the single change measured in the sub-
merged panne with the average decrease in the con-
trol marsh pannes (Sokal & Rohlf 1995). Similarly, I
performed this same comparison on the change in
density for the period 1997 to 1998, i.e., encompass-
ing the submersion event, to determine if the popula-
tion trends of each species in the submerged panne
were significantly different from those of the control
areas.

A second natural experiment presented itself in the
summer of 1998 to test the snails' relative tolerance to
bacteria and associated anoxic conditions. A deer, pre-
sumably hit by a car on the road only 50 m to the west
of the marsh, died in a panne; however, not one that
was currently monitored for snail densities. The car-
cass was first noted already partially decomposed on
July 2, 1998, with a pool of standing water a few cm
deep around it. The sediment in the immediate vicinity
was black and highly anoxic, and pink and white bac-

terial rings emanated out to a distance of 0.4 m from
the deer. On September 2, 1998, I sampled snail densi-
ties in this panne in 2 concentric rings around the car-
cass, still delineated by bacterial film, using a 0.05 m?
quadrat. The first concentric ring included the deer
and the area within a 0.4 m radius of the deer. This dis-
tance incorporated all of the bacterial film and anoxic
mud visible on the surface. The outer concentric ring
extended another 1.0 m from the outer edge of the
inner ring and contained the rest of the panne. Finally,
a small, shallow, muddy channel that fed the panne
on the landward side, 1.5 m from the deer, was also
censused. Because this corridor channeled water into
and out of the panne, I assumed it would experience
greater flushing, and thus less concentrated exposure
to the bacteria and anoxic conditions associated with
the carcass. Four replicate quadrats were counted in
each of the 3 areas. Differences in Batillaria attramen-
taria density between these 3 sample areas were com-
pared via 1-way ANOVA with sampling area as the
factor to determine if the snails’ density varied as a
function of proximity to this large bacterial source.
Data were not transformed for this analysis because
the variances of the means were homoscedastic.
Because no live Cerithidea californica were found in
the inner sampling circle, C. californica density was
compared only between the outer ring and the channel
with a Student's t-test. In July 1999 I resampled this
panne in identical fashion. Again, ANOVA was used to
compare the density of each species as a function of
location within the panne.

Laboratory experiments. I conducted 2 laboratory
experiments to complement these natural field experi-
ments. To experimentally quantify mortality rates of
each species due to continued submersion in stagnant
water, in May 1996 I collected both species from Boli-
nas Lagoon. To test for potential differences in resis-
tance to low dissolved oxygen levels by snails from dif-
ferent sites within the marsh, 3 different sympatric
populations (i.e., marsh pannes) within Bolinas Lagoon
were used as sources. I picked snails out of the mud by
hand and skimmed the top 2 cm of mud with a trowel,
which I carefully laid inside individualized compart-
ments (area ~15 cm?, 4 cm deep) of partitioned plastic
boxes (either 6, 9 or 24 compartments each) so that the
mud surface stayed face up. In a covered, open-air
shed I randomly immersed a total of 55 of these par-
titioned boxes in 2 seawater tray tables, to keep tem-
perature constant between boxes. I allowed the snail
boxes to sit overnight with ambient flow-through sea-
water (15°C). The next day (May 14) I placed a single
snail (>15 mm) into each individualized, water-filled
compartment of the partitioned boxes, putting each
snail from a given collection site onto mud from the
same site. With 1 snail per 15 cm?, the density inside a
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compartment was equivalent to intermediate field
densities of each species (Byers 1999); thus diatoms
growing on the mud surface should not have been lim-
iting. I attached the lids of the partitioned boxes to pre-
vent snails from exiting their individual compartments
and to limit water loss due to evaporation. Every 3 d
I opened the lids of the containers to examine the
snails. Because these intertidal snails do not normally
experience submersion in water of this low tempera-
ture for extended periods in the marsh, to mimic field
conditions I heated the water in each tray table with
2 aquarium heaters. The temperature stabilized after
2 d at ~19.5°C. On June 6 (after 23 elapsed days) I
removed all dead snails. Dead snails did not respond to
prodding of the tissue, smelled pungent, usually had
black stained shells, and often had white bacterial
films in their apertures. If a snail was not obviously
dead according to these criteria, I cracked it open to
look at its tissue. On June 11 (28 elapsed days) I pulled
out additional snails which had since died. Dead snails
were recorded according to species and to the area
from which they had been collected in the marsh.

To determine the effect of species and collection area
on the death rate from submersion (after Day 28), I
analyzed the data with a 3-dimensional (2 x 2 x 3) chi-
squared analysis to test for independence between
mortality, species and collection location (Zar 1996).
Additionally, I pooled data for each species over all
collection sites to test for differences between species
in infection with a chi-squared (2 % 2) analysis. To pre-
vent erroneous inflation of the x2 value in this analysis
and other chi-squared tests where df = 1, I applied
Yates correction for continuity (Zar 1996). Finally, I
examined Cerithidea californica alone (since only C.
californica was substantially affected by submersion)
for microhabitat differences in the mortality rate of
snails from the 3 collection sites, using chi-squared
analysis. I also analyzed C. californica's mortality
between pairs of collection sites via 2 x 2 chi-squared
tests. If 2 sites were found to be homogeneous, I pooled
them for further pairwise tests against the remaining
site.

I undertook a second lab experiment on April 9,
1999, to ascertain the role of bacteria in Cerithidea cal-
ifornica mortality and to examine the specific mecha-
nism by which microbes exacted their effect. Because
Batillaria attramentaria clearly exhibited little mortal-
ity in the field and lab under stagnant conditions, only
C. californica was used in this study. Since bacteria in
both the field and the lab were observed on almost all
dead snails, I wanted to determine whether C. califor-
nica mortality was due to hypoxic (<2 mg O, I"!) condi-
tions, or to a more direct action of bacteria infecting
live snails. Snails were collected from a single location
in Bolinas Lagoon and set up identically to the previous

lab experiment except that no aquarium heaters were
used (temperature range 15.5 to 18°C). The snails’
exposure to oxygen and bacteria was manipulated in 3
treatments. I maintained all plastic snail boxes with
their lips just above the water line to facilitate access to
the snails inside. One treatment provided small water-
exchange holes in the sides of the snail compartments
and bubbled air into each compartment to maintain
well-oxygenated water. To this treatment I also added
an antibiotic, kanamysin monosulfate (100 mg 1!) to
reduce bacteria concentrations. I added 0.5 ml of the
antibiotic per snail compartment every 2 d from April
10 to April 16 and 0.25 ml every 2 to 5 d from April 19
to May 12. Kanamysin monosulfate is soluble in sea-
water and affects broad groups of Gram negative and
positive bacteria by interfering with bacterial protein
synthesis (Sigma manual 1998). To reduce oxygen lev-
els in the other 2 treatments I filled the snail containers
with seawater but did not supply water-exchange
holes or bubbled air. Of these 2 treatments, one
received a dose of antibiotic according to the same
schedule as above and the other did not. Thus the 3
treatments represented conditions of (1) high O,, low
bacteria, (2) low O,, low bacteria, and (3) low O,, high
bacteria. I used 96 snails in each of the first 2 treat-
ments and 102 in the third. During the times antibiotics
were added, dead snails were also recorded using the
same death criteria as in the previous lab experiment. I
measured temperature and oxygen levels every 3 to
7 d with an ATI Orion #835 Dissolved Oxygen meter.

To determine the effectiveness of the antibiotic treat-
ment in decreasing and maintaining bacterial levels,
halfway through the experiment (April 30) I extracted
3 ml of water from each of 3 replicates of the 2 low-oxy-
gen treatments and preserved it in formalin (10 % final
concentration). After inoculation with 33 pl of DAPI
fluorescent stain, these samples were filtered with a
hand vacuum pump onto 0.2 pm polycarbonate filters.
I made counts of bacteria collected on filters using an
epifluorescent microscope with oil immersion at 1000 x
(protocol from Porter & Feig 1980). Differences in bac-
terial concentrations between the 2 low-oxygen treat-
ments were analyzed using a 1-tailed t-test and con-
firmed that the application of antibiotics was effective
in reducing the amount of bacteria in this treatment.
After 30 d exposure to antibiotics, the concentration of
bacteria in the water surrounding the snails in the
antibiotic treatments was approximately 50 % that of
the untreated water (no antibiotic [+ SE]: 1.07 x 107 +
1.77 % 10° bacteria cells ml~!; antibiotic added: 5.9 x 10°
+ 2.54 x 10° bacteria cells ml™}; test for equal variances
rejected [F = 48.7, df = 2, 2, p < 0.04], 1-tailed t-test
with unequal variance [t = 2.7, df = 2.1, p < 0.055]).

As Cerithidea californica have been shown to climb
readily (Byers 2000b), I quantified attempts by snails to
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emigrate away from stressful conditions on 3 sampling
dates during the experiment by recording snails that
were climbing the sides of their enclosures. The sam-
pling dates represented the beginning (Day 6), middle
(Day 22), and end (Day 34) periods of the 41 d experi-
mental period. Snails were replaced on the mud bot-
tom of the enclosure after counting. Chi-squared het-
erogeneity analyses were performed on climbing
incidence of live snails in the 2 low-oxygen treatments.
Because they demonstrated no significant heterogene-
ity, these 2 treatments were pooled at each of the 3
sampling dates and compared via chi-squared analysis
against climbing rates among live snails in the high-
oxygen treatment.

The experiment was terminated on May 19, 1999,
after snails had been exposed to their treatments a
total of 41 d. A final extensive mortality check was
made of all snails, as described above, and final oxy-
gen measurements were made. Mortality was ana-
lyzed using logistic regression to test for effects of oxy-
gen and antibiotic treatments on snail mortality (SAS
catmod procedure).

RESULTS

Natural experiments

The submerged marsh panne exhibited a significant
drop in live Cerithidea californica density in the sam-
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Fig. 1. Batillaria attramentaria, Cerithidea californica. Density
of snails (+1 SE) in marsh panne that underwent prolonged
submersion prior to 1998 sampling (n = 5 to 6 yr'!). Live C. cal-
ifornica populations in 1998 were significantly different from
C. californica densities in either of the 2 previous years
(Tukey test, 1996 vs 1997, p = 0.55; 1996 vs 1998, p < 0.001;
1997 vs 1998, p < 0.001). None of the B. attramentaria densi-
ties through time were significantly different (ANOVA, F =
0.013, p > 0.98)
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Fig. 2. Changes in the density (In-transformed) of Cerithidea

californica populations in the submerged panne (n = 5 to

6 quadrats) and the 4 control marsh pannes (+SE) (n = 6 to
11 quadrats site™)

ple year in which submersion occurred (ANOVA, F =
32.3,df =2, 13, p < 0.001; Tukey test, 1996 vs 1997, p =
0.55, 1996 vs 1998, p < 0.001, 1997 vs 1998, p < 0.001)
(Fig. 1). Substantial numbers of dead C. californica
were present in 1998, while none had been detected in
the 2 previous years. Two-thirds of these dead shells
(and even 1 of the 2 live C. californica) were stained
black and several (~25%) had a bacterial film near,
and often inside, the aperture. Furthermore, the de-
cline was confined to C. californica, as Batillaria attra-
mentaria numbers remained unaffected and were sim-
ilar to previous years (ANOVA, F=0.013,df=2,13,p>
0.98) (Fig. 1). Only 1 dead B. attramentaria was found
in all quadrats. None of the other 4 control pannes
under the monitoring program were blocked off and
submerged, and the change in C. californica density
declined only slightly compared to the decline mea-
sured in the submerged panne (Fig. 2). The change in
C. californica density (i.e., the slope) from 1996 to 1997
was not significantly different between the control
pannes and the ‘soon-to-be-submerged’ panne (f =
—-0.45, df = 3, p = 0.68); however, between 1997 and
1998, when the panne became submerged, the change
in density was significantly different from the change
in density in the control pannes ({ = -4.77, df =3, p =
0.017) (Fig. 2). B. attramentaria exhibited no significant
difference in its trend in density between the control
and submerged panne either before submersion (¢ =
1.02, df =3, p=0.38) or after (¢t =-0.92, df = 3, p = 0.44).

In 1998 in the panne with the dead deer, the densi-
ties of Batillaria attramentaria in the 3 sample areas
were not significantly different from each other (F =
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Fig. 3. Batillaria attramentaria, Cerithidea californica. Densi-
ties of snails in marsh panne 2 mo after the dead deer was
found (1998) (n = 4 quadrats) and 1 yr later (1999) (n = 3 to
5 quadrats). Categories from left to right represent increasing
distance from deer. Inner radius was 0 to 0.4 m from carcass.
Only 1 dead C. californica was found in this area in 1998.
Outer ring was 0.4 to 1.4 m from deer. Inlet channel was
>1.5 m from deer and was also the area of greatest flushing

1.1, df =2, 9, p =0.37). Cerithidea californica density,
however, depended significantly on proximity to the
deer. The density of C. californica in the channel was
significantly greater than in the outer ring of the panne
(t=15.25,df =6, p < 0.002). Densities in both areas were
substantially higher than the innermost circle around
the deer, where no live C. californica were found. (The
all-zero values in this area precluded any formal statis-
tical tests.) The inner circle of radius 0.4 m containing
the deer bones and standing water contained only B.
attramentaria; a few were on the bones themselves
(Fig. 3). One dead C. californica was also found in this
section. In contrast, in 1999 the densities of each snail
species were not significantly different among the
three sample areas of the panne (C. californica, F = 2.3,
df = 2,9, p>0.15; B. attramentaria, F = 0.73, df =2, 9,
p > 0.5). Furthermore, in 1999 the highest densities of
C. californica were found in the inner radius of the
panne (Fig. 3). While many bones were still present,

the mud surface no longer exhibited any of the colorful
bacterial rings or the superficial black, anoxic sedi-
ment.

Laboratory experiments

In the first laboratory experiment, species, collection
location, and mortality were significantly non-inde-
pendent (x? = 119.7, df = 7, p < 0.001, Table 1). Com-
bining data from all collection sites, 34.6 % of Ceri-
thidea californica died due to submersion-related
causes while Batillaria attramentaria's mortality rate
was only 4.7% (x? = 76.1, df = 1, p < 0.001). Also, col-
lection location had a significant effect on C. califor-
nica's susceptibility to mortality (x*> = 28.3, df =2, p <
0.001; Table 1). As responses of C. californica collected
from pannes 1 and 2 were not significantly different
from one another (x? =2.02, df = 1, p > 0.15), the major-
ity of the difference in bacterial susceptibility of snails
due to collection location was driven by higher mortal-
ity in snails from panne 3 (pannes 1 and 2 pooled vs
panne 3, X? =24.9, df = 1, p < 0.001).

In the second laboratory experiment low and high
oxygen concentrations were successfully maintained
in their respective treatments (Fig. 4). Only a single
Cerithidea californica died in the high-oxygen-level
treatment; however, >27 % of C. californica died dur-
ing 41 d of exposure to low oxygen (Fig. 5). The differ-
ence in C. californica mortality between high- and
low-oxygen treatments was highly significant (logistic
regression, x2 =12.5,df =1, p <0.001). Antibiotic addi-
tion had little influence on snail mortality (logistic
regression X% = 0.02, df = 1, p > 0.87).

Finally, climbing by snails was much greater in low-
oxygen treatments, reaching as high as 60 % (Fig. 6).
At all 3 sampling times the difference in climbing
between low-oxygen treatments and the high-oxygen
treatment was significant (beginning, )(2 =287, df =1,
p < 0.001; middle, x* = 63.4, df = 1, p < 0.001; end, X* =
64.7,df =1, p <0.001).

Table 1. Results of first laboratory experiment depicting the

number of snails of each species collected from 3 locations in

the marsh that died as a result of prolonged submersion. Data

were analyzed to determine the independence of species,
collection location, and mortality

Species Died/total (percent mortality)
Panne 1 Panne?2 Panne3 All pannes
Cerithidea 16/84 30/103 48/85 94/272
californica (19%) (29.1%)  (56.5%) (34.6%)
Batillaria 0/84 5/104 8/89 13/277
attramentaria (0 %) (4.8%) (9.0%) (4.7 %)
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effects of bacteria may not act univer-
sally even over a seemingly small
spatial scale (~100 m).

While the second lab experiment
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demonstrated hypoxia as the mecha-
t nism of microbial impact on Cerithidea
californica, finer resolution of the
mechanism is possible. Although I
controlled for intertreatment differ-
ences in temperature and water loss,
anaerobic reduction of sulfate by bac-
teria produces hydrogen sulfide in
low-oxygen conditions (Theede et al.
1969, Fenchel & Riedl 1970, Sousa &
{ Gleason 1989, Kuever et al. 1996).
Exposure of the snails to hydrogen sul-
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Fig. 4. Dissolved oxygen concentrations (+SE) for each treatment throughout
second laboratory experiment (n =3 to 5 samples treatment™! date™!). Symbol (=)
on first sample date represents average oxygen value across all treatments

at experimental set-up

DISCUSSION

Batillaria attramentaria clearly demonstrates supe-
rior resistance to hypoxic conditions compared to its
native ecological analog, Cerithidea californica. That
the 2 low-bacteria treatments, which differed only in
the level of oxygen, produced substantially different
C. californica death rates emphasizes the significance
of hypoxia (and its associated stresses) as the over-
riding influence on snail mortality. Sousa & Gleason
(1989) likewise found oxygen to be the most influen-
tial factor on C. californica mortality; other abiotic
stresses that they examined, including desicca-
tion, high salinity, low salinity, and temperature,
had little effect. Bacteria impact the snails in
this system indirectly by lowering oxygen levels,
which subsequently impact the snail species
differentially. This dramatic mortality differential
influences B. attramentaria's invasion success by
further accentuating the advantage it maintains
over C. californica in exploitative competition
(Byers 2000a).

As the first laboratory experiment indicated,
however, snails, particularly Cerithidea cali-
fornica, collected from different sites within the
marsh varied in their susceptibility to hypoxic con-
ditions. This variation could be due to underlying
genetic resistance or to bacteria associated with
the sediment at a given site (because snails were
reared on mud from their collection location).
Regardless, this result emphasizes that indirect

11-May

PROPORTION DEAD

T fide associated with hypoxic condi-
18-May tions could increase the mortality rate
above that induced by low-oxygen
levels alone. While not directly quanti-
fied, hydrogen sulfide was clearly pre-
sent in the second lab experiment in
the 2 low-oxygen treatments, as evi-
denced by the black color of sediment
in many snail compartments (caused by precipitation
of iron sulfide) and a strong ‘rotten egg’ odor. Also,
many of the snails in these treatments had their shells
stained black. Thus, under low-oxygen conditions, the
effect of low oxygen per se and toxicity poisoning from
hydrogen sulfide associated with low-oxygen condi-
tions both could contribute to snail mortality. While
hypoxic conditions are ultimately responsible for the
observed mortality, further experiments could tease
apart the specific mechanism by which these condi-
tions exact their effects.
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Fig. 5. Proportion of Cerithidea californica that died during 41 d of

exposure in each of 3 laboratory treatments
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and even small relative advantages in
B. attramentaria survivorship strongly
influence long-term population-level
outcomes of B. attramentaria over C.
californica in exploitative competition

(Byers & Goldwasser in press).

The extent of long-lasting hypoxic
events probably varies greatly based on
the hydrology and biology of a given
area; however, patches of hypoxia last-
ing ~3 wk are not uncommon in Bolinas
Lagoon, and are particularly common in
summer when drifting algal mats accu-
mulate (Sousa & Gleason 1989, J.E.B.
pers. obs.). Also, Cerithidea californica
probably does not need as much time in

04 T T

Beginning Middle

Fig. 6. Proportion of Cerithidea californica climbing the sides of enclosures at
the beginning, middle, and end of the second lab experiment. Chi-squared het-
erogeneity tests indicated that the 2 low-oxygen treatments were homogeneous
at all 3 sample times. In all cases climbing in the 2 low-oxygen treatments was
significantly higher than in the high-oxygen treatment

In the lab and in the field, Cerithidea californica re-
sponded to hypoxic conditions by attempting to emi-
grate. The spatial scale of the bacterial disturbance,
however, appeared to determine C. californica's rela-
tive success at escaping. In the panne with the dead
deer, where the bacterial infusion was highly localized,
C. californica apparently migrated away, as no live C.
californica and only 1 dead C. californica were found
in the area of closest proximity to the rotting carcass.
Conversely, in the submerged panne where the bacte-
rial disturbance enveloped the entire panne, almost all
C. californica appeared to have died. The sum of live
and dead C. californica sampled in this panne after the
submersion event nearly matches the total of live snails
found in the previous years, suggesting that most of
the snails could not locate an avenue of escape from
the disturbance and died. Additionally, a faster decline
in oxygen may have occurred in the submerged panne
than in the anoxic, yet tidally flushed panne with the
dead deer, thereby decreasing the ability of Cerithidea
to respond with a metabolically taxing response, such
as movement.

Cerithidea californica, although relatively more sus-
ceptible to death by hypoxia, is still a hardy species
that can survive for many days under low-oxygen con-
ditions (see also Sousa & Gleason 1989) or disperse
until conditions improve. For example, in the second
laboratory experiment C. californica mortality in the
low-oxygen treatments was only 9% after 3 wk. Nev-
ertheless, it still succumbs much more quickly than
Batillaria attramentaria to long-lasting hypoxia events,

the field to attain the mortality rates

End observed in the lab experiments (4 and

6 wk). Specifically, spring and summer
water temperatures in Bolinas marsh
(up to 38°C) are commonly higher than
the temperatures at which my experi-
ments were run (J.E.B. pers. obs.). Such
high temperatures often result in higher
snail metabolism that may accentuate stress on the
snails located in hypoxic conditions (Sousa & Gleason
1989). Also, these higher temperatures can accelerate
decomposition (and thus bacterial consumption of
oxygen) of floating mats of Ulva spp. and Entero-
morpha spp. common in the summer months (J.E.B.
pers. obs.). In general, it may be expected that as
eutrophication increasingly plagues many near-shore
environments, bacterial outbreaks and their associated
anoxic events will increase in spatial extent, frequency
and intensity (Officer et al. 1984, Paerl 1985, Seliger et
al. 1985, Elmgren 1989, Cooper & Brush 1991, Parker &
O'Reilly 1991, Dyer & Orth 1995, Iversen et al. 1998).
Even if only a fraction of introduced aquatic species
exhibit reduced susceptibility to hypoxia/anoxia, in-
creased anthropogenic nitrogen loading in aquatic
environments may have the unexplored consequence
of influencing the incidence of successful exotic spe-
cies invasions.

More generally, dissolved oxygen depletion appears
to be one of a growing number of environmental
stresses that, in a variety of systems, have been demon-
strated to affect the outcome of competition between
species (Locke 1996, Takada 1999), alter trophic/com-
munity processes (Lafferty & Kuris 1999, Lenihan et al.
1999), and ultimately create conditions favorable to
invasion by exotic species (Ruiz et al. 1999, Simberloff
& Von Holle 1999). Lafferty & Kuris (1999), for exam-
ple, demonstrated that multiple stressors can influence
the impact of parasites on their hosts. Lenihan et al.
(1999) showed that environmental stresses interact to
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determine the level of viral infection in Atlantic oys-
ters. Finally, even non-indigenous species themselves
may create stressful conditions that facilitate further
invasions by other non-indigenous species (Simberloff
& Von Holle 1999).

In sum, several factors including superior exploita-
tive ability (Byers 2000a) and enhanced resistance to
parasitic infection (McDermott 1996) have been shown
to create relative advantages for Batillaria attramen-
taria over Cerithidea californica and foster its success-
ful invasion of California salt marshes. The present
study demonstrates that differential impact by micro-
bial activity is yet another advantage that aids B.
attramentaria's establishment and displacement of its
native competitor. Due to the ubiquity of bacteria and
anthropogenic enhancement of their activity, reduced
susceptibility to bacteria and their modification of sur-
rounding environmental conditions may be an increas-
ingly influential factor in the outcome of biological
invasions.
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