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Abstract We evaluated the effects of nutrient addition on
interactions between the benthic microalgal community
and a dominant herbivorous gastropod, Cerithidea cali-
fornica (California horn snail), on tidal flats in Mugu
Lagoon, southern California, USA. We crossed snail and
nutrient (N and P) addition treatments in enclosures on
two tidal flats varying from 71 to 92% sand content in a
temporally replicated experiment (summer 2000, fall
2000, spring 2001). Diatom biomass increased slightly
(~30%) in response to nutrient treatments but was not
affected by snails. Blooms of cyanobacteria (up to 200%)
and purple sulfur bacteria (up to 400%) occurred in
response to nutrient enrichment, particularly in the sandier
site, but only cyanobacterial biomass decreased in re-
sponse to snail grazing. Snail mortality was 2–5 times
higher in response to nutrient addition, especially in the
sandier site, corresponding to a relative increase in
cyanobacterial biomass. Nutrient-related snail mortality
occurred only in the spring and summer, when the snails
were most actively feeding on the microalgal community.
Inactive snails in the fall showed no response to nutrient-
induced cyanobacterial growths. This study demonstrated
strongly negative upward cascading effects of nutrient
enrichment through the food chain. The strength of this
upward cascade was closely linked to sediment type and
microalgal community composition.
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Introduction

Community structure is frequently influenced by complex
interactions between resource availability and consumer
control (Carpenter et al. 1985). In marine habitats, algal
biomass and community composition are often regulated
by the top-down effects of herbivory (Williams and
Ruckelshaus 1993), though stimulation of primary pro-
duction through a bottom-up increase in nutrients may
reduce herbivore impacts (McQueen et al. 1986). This
interactive relationship between nutrient supply and her-
bivore control can vary with primary producer community
composition, consumer density, and the level of nutrient
input (Hauxwell et al. 1998).

Nutrient input to coastal ecosystems from various
terrestrial (e.g., runoff, groundwater) and atmospheric
sources, both natural and anthropogenic, often results in
higher productivity (McQueen et al. 1986; Micheli 1999;
Menge 2000). Documented responses to anthropogenic
increases in nutrient supply in estuaries include macroalgal
and phytoplankton blooms (Valiela et al. 1997; Pinckney
et al. 1999). Although less is known about benthic
microalgal communities, it has been demonstrated that
these assemblages, which are important components of
many estuarine food webs (Sullivan and Moncreiff 1990),
can increase in biomass in response to nutrients (Van
Raalte et al. 1976; Pinckney et al. 1995).

Increased algal primary productivity in response to
nutrient supply may have cascading effects up the food
chain. These cascades can benefit higher trophic levels by
increasing food supply (Posey et al. 1995; Sardá et al.
1996). However, nutrient enrichment can change primary
producer community composition by favoring rapidly
growing, opportunistic species such as some macroalgae
(Valiela et al. 1997). Nutrient input may also have
deleterious impacts on herbivores by causing shifts
towards toxic species like cyanobacteria (Sommer 2001),
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although these negative upward effects are not well
documented in estuarine habitats.

The objective of this study was to evaluate responses of
an estuarine tidal flat community to nutrient enrichment.
The dense benthic microalgal assemblages typical of
southern California tidal flats consist mainly of diatoms
and cyanobacteria (Zedler 1980), though microalgal
species composition can vary among sediment types
(Onuf 1987). Phototrophic bacteria assemblages, particu-
larly purple sulfur bacteria, are commonly associated with
cyanobacterial mats (Paerl et al. 1996), but their ecological
role in southern California tidal flat communities is
unknown. The focal herbivore in this study is the horn
snail Cerithidea californica, a common epibenthic con-
sumer that can reach densities of 1,000 m−2 (Race 1981;
Armitage 2003). We predicted that benthic microalgal
biomass would decrease in the presence of herbivores and
increase in response to nutrient enrichment. We also
expected that nutrient-induced microalgal growth would
increase herbivore survivorship.

Materials and methods

This study took place at two sites within Mugu Lagoon, Naval Base
Ventura County, southern California (34.06°N, 119.05°W). Both
sites featured tidal flats (approx. 0.3 m above mean sea level)
surrounded by stands of pickleweed (Salicornia virginica). One site
(1.4 ha) was created in 1997 and was characterized by sandy
sediments [91.8±0.5% sand (mean±SE) (Armitage 2003)] and will
hereafter be referred to as the restored site. The second, relatively
natural site was immediately adjacent to the first site and consisted
of muddier sediments (71.2±2.0% sand) and will be referred to as
the natural site. We conducted a four-factor experiment varying
nutrient supply (± nutrients), snails (± snails), and site (natural and
restored) at three time periods (summer 2000, fall 2000, spring
2001) to determine the effects of nutrient enrichment on microalgal
biomass and community structure and on snail survivorship and
growth and to evaluate the effects of snail herbivory on the
microalgal community. We did not repeat the experiment in winter, a
period of Cerithidea californica inactivity (Race 1981).
Twenty experimental units (0.5 m ×0.5 m open-topped, 30 cm tall

fiberglass window screening (1.6 mm mesh) enclosures buried 2 cm
in the sediment to minimize snail emigration and immigration) were
installed in each site and all snails were removed from the
enclosures. Enclosures were repositioned for each time period.
To allow development of the microalgal community, we

established nutrient treatments 4 weeks prior to snail addition. We
randomly assigned nutrient enrichment treatments (+nutrient) to half
of the 20 enclosures at each site. A window-screen mesh bag
containing 10 g of slow release Osmocote fertilizer (18% N, 12% P
by dry weight) was secured to the center of all +nutrient enclosures
and replaced after 6 weeks; empty screen bags were placed in cages
with ambient nutrient (−nutrient) treatments. Biweekly additions of
2 g of granulated urea fertilizer (46% N by dry weight)
supplemented the Osmocote addition. Average nutrient loading
rates were 0.088 g N day−1 plot−1 and 0.024 g P day−1 plot−1 and
were established based on a fertilization protocol at an adjacent salt
marsh restoration project (K.E. Boyer and A.R. Armitage, unpub-
lished data). Eight randomly located sediment cores (2 cm deep,
2.5 cm diameter) were collected from each plot at the end of the pre-
experimental period (before snail addition). Sediments were dried at
60°C, sifted through a 1 mm sieve, and the homogenized samples
sent to the Division of Agriculture and Natural Resources Analytical
Laboratory at UC Davis for determination of TKN with a N gas
analyzer, utilizing an induction furnace and thermal conductivity
(Sweeney 1989).

By the end of the 4-week pre-experimental period, a dense
microalgal mat was present in all enriched plots (Armitage 2003). To
begin the experimental period, we randomly assigned five +nutrient
and five −nutrient plots as snail addition (+snail) enclosures in each
site. No snails were added to the remaining five plots of each
nutrient treatment (−snail). We collected C. californica from an
adjacent natural mudflat area, measured their lengths in the
laboratory, and assigned them to 5 mm size classes from 5 to
35 mm (snails less than 5 mm were difficult to locate in the field and
were not used). On all dates we added snails to the plots in densities
(350–380 snails cage−1) and size frequency distributions that
approximated natural populations (Armitage 2003). In all experi-
ments, the snails remained in the cages for an experimental period of
8 weeks. Cages were maintained on a weekly basis by removing
fouling material (mainly the green macroalga Enteromorpha
intestinalis).
In the spring 2001 study, we marked snails to monitor migration

rates into and out of the enclosures. Snails were cleaned with a paper
towel, briefly air-dried, and marked with colored nail enamel. On a
weekly basis over the experimental period, we counted the number
of marked snails climbing up cage walls and outside of the
enclosures and the number of unmarked snails immigrating into
enclosures, and calculated the average per-plot daily rates of
climbing, escape, and immigration.
To determine if the snails could detect biotic and abiotic changes

created by nutrient addition and whether they moved towards or
away from nutrient treatments, we established ten additional
uncaged plots in each site (five per nutrient treatment per site) in
spring 2001. Natural snail densities in the plots were not
manipulated, but nutrient treatments were identical to those in the
enclosures during both the pre-experimental and experimental
periods.

Sampling protocols

To quantify total benthic microalgal biomass, we sampled benthic
chlorophyll a at the end of each experimental period. We pooled
three randomly located 1.5 cm diameter, 1 cm deep cores from each
plot, transported them on ice in a dark cooler, and froze them at
−20°C until analysis. Pigments were extracted with 90% acetone
and the absorbance of the extract was determined in a Spectronic 20
Genesys spectrophotometer at 750 nm and 664 nm before and after
acidification with 1 N HCl to account for phaeopigments (Lorenzen
1967).
Following qualitative observations of dark green films on the

sediment surface in +nutrient plots in the first two time periods, we
preserved cores (collected as above) from each plot in 6% Lugol’s
solution, observed them at 200× under a light microscope, and noted
the cell types present. We then quantitatively estimated the biomass
of each microalgal taxonomic group using high-performance liquid
chromatography at the conclusion of the spring 2001 experiment.
We collected benthic microalgal samples in the same manner as the
chlorophyll a cores, extracted the pigments with 100% acetone, and
determined the concentrations of the major indicator pigments
(fucoxanthin: diatoms, zeaxanthin: cyanobacteria, and bacteriochlo-
rophyll a: purple sulfur bacteria) following Pinckney et al. (1999).
At the end of the 8-week experimental period, all snails were

collected by sifting the top 3 cm of sediment through a 1 mm sieve
(most snails were on the sediment surface). Over 70% of the snails
were recovered on all dates except in summer 2000, when only 54%
were recovered, but snail escape rate was similar between nutrient
treatments (see below). Mortality of recovered snails was deter-
mined by the absence of an operculum, discolored tissue, or black or
white bacterial films on the mouth of the shell (Byers 2000).
To evaluate natural snail movement in response to nutrient

addition in the open plots, we counted the total number of snails on
the sediment surface after 12 weeks of nutrient addition at the end of
the experimental period.
The variances of all data were tested for homoscedasticity using

the Fmax test and transformed if necessary to conform to the
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assumptions of ANOVA. Most data were analyzed with three- or
four-factor ANOVA, where the factors were site, time period,
nutrients, and, for pigment concentrations at the end of the
experimental period, snails. Scheffe’s post hoc tests were used
when there was a significant effect of time period (all other factors
had only two levels, rendering post-hoc tests unnecessary). To
evaluate the effects of changes in the relative abundance of each
microalgal group on snail mortality, we also performed simple
regressions of percent snail mortality on pigment molar ratios
(Pinckney et al. 1995) for spring 2001. Climbing, escape, and
immigration rates and final densities of snails in the open plots were
analyzed with two-factor ANOVA, where the factors were site and
nutrients.

Results

Sediment nutrients

Sediment TKN was significantly higher in the natural than
the restored site, though the difference between sites was
smallest in the fall (Tables 1, 2). TKN was higher in the
fall than in the spring (Scheffe’s, P<0.0001) or summer
(P<0.0001). TKN was similar in summer 2000 and spring
2001 (P>0.1). Nutrient addition did not affect sediment
TKN.

Microalgal abundance and community structure

On all dates, a dense, dark green, laminar microalgal mat
approximately 3 mm deep was present in all enriched plots
after the 4 weeks of pre-experimental nutrient addition
(Armitage 2003). These mats persisted throughout the
experimental period. Qualitative observations of the

microalgal cells indicated the presence of diatoms and
filamentous, aggregate, and solitary forms of cyanobacte-
ria. Mats in unfertilized plots were less laminate, brown in
color, and appeared to have fewer cyanobacterial cells.

In each of the 8-week experimental periods, snails
decreased benthic chlorophyll a concentration (Fig. 1,
Table 3). The average snail-induced decrease in chloro-Table 1 Sediment TKN in response to site, time period, and

nutrients: mean (% of dry weight) ± SE

Summer 2000 Fall 2000 Spring 2001

Natural
+nutrients 0.174±0.041 0.307±0.057 0.213±0.040
−nutrients 0.164±0.040 0.288±0.042 0.223±0.037
Restored
+nutrients 0.110±0.014 0.277±0.063 0.136±0.016
−nutrients 0.155±0.026 0.345±0.051 0.126±0.026

Table 2 Sediment TKN in response to site, time period, and
nutrients: results of a three-factor ANOVA. Significant P-values in
bold type

df MS F-value P Power

Site (S) 1 0.22 4.21 0.0427 0.52
Time period (T) 2 1.07 20.55 <0.0001 1.00
Nutrients (N) 1 0.02 0.30 0.5856 0.08
S × T 2 0.16 3.00 0.0544 0.56
S × N 1 0.03 0.57 0.4536 0.11
T × N 2 0.02 0.40 0.6715 0.11
S × T × N 2 0.06 1.05 0.3522 0.22
Residual 104 0.05

Fig. 1 Benthic chlorophyll a concentration at the end of each time
period in response to site, nutrient enrichment, and snail addition.
Significant P-values indicated (S site, T time period, N nutrients, Sn
snails). Bars represent SE in all figures

Table 3 Results of a four-factor ANOVA for benthic chlorophyll a
concentration in response to site, time period, snail, and nutrient
treatments. Significant P-values in bold type

df MS F-value P Power

Site (S) 1 0.97 6.40 0.0131 0.71
Time Period (T) 2 5.32 35.11 <0.0001 1.00
Snails (Sn) 1 0.78 5.11 0.0261 0.60
Nutrients (N) 1 3.36 22.16 <0.0001 1.00
S × T 2 0.55 3.60 0.0312 0.65
S × Sn 1 0.12 0.80 0.3729 0.14
S × N 1 0.73 4.82 0.0307 0.58
T × Sn 2 0.24 1.56 0.2149 0.31
T × N 2 0.17 1.12 0.3319 0.23
Sn × N 1 <0.01 <0.01 0.9807 0.05
S × T × Sn 2 0.08 0.51 0.6007 0.13
S × T × N 2 0.07 0.45 0.6365 0.12
S × Sn × N 1 <0.01 <0.01 0.9726 0.05
T × Sn × N 2 0.06 0.42 0.6559 0.12
S × T × Sn × N 2 0.04 0.28 0.7574 0.09
Residual 92 0.15
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phyll a across all time periods was from a grand mean of
441.0±26.9 (SE) mg m−2 in cages without snails to 385.5
±25.3 in cages with snails. Overall, nutrients tended to
increase microalgal biomass, though the significant inter-
action between site and nutrients suggests that the effect of
nutrient addition was stronger in the restored (+nutrient
541.3±36.5, −nutrient 351.6±28.3) than in the natural site
(+nutrient 399.0±33.5, −nutrient 361.0±39.1). Scheffe’s
post-hoc tests indicated that the benthic chlorophyll a
concentrations differed among all time periods at sig-
nificance levels less than 0.01. The significant interaction
between site and time period stemmed largely from similar
microalgal biomass between sites in summer and fall 2000
but higher biomass in the restored than in the natural site
in spring 2001.

Quantification of accessory pigment concentrations in
spring 2001 indicated that diatom biomass, represented by
fucoxanthin, was significantly higher in the restored (55.7
±5.0 mg m−2) than in the natural site (36.6±2.2; Fig. 2a, b,
Table 4). There was also higher fucoxanthin biomass in
nutrient addition treatments (+nutrient 52.6±5.5, −nutrient
40.5±2.8). This effect tended to be stronger in the restored
site, though power is low due to small sample size. Snails
did not affect diatom biomass.

Zeaxanthin concentration, an indicator of cyanobacterial
biomass, was significantly higher in the restored (10.6
±1.8 mg m−2) than in the natural site (4.0±0.5; Fig. 2c, d,
Table 4). Zeaxanthin concentration was higher in enriched
treatments (+nutrient 10.5±1.9; −nutrient 4.5±0.7). This
effect tended to be stronger in the restored site, though
power is low due to small sample size. Cyanobacterial
biomass was lower in the presence of snails (+snails 6.0
±1.5; −snails 8.7±1.6).

There was a significant interaction between site and
nutrients for purple sulfur bacteria biomass, represented by
bacteriochlorophyll a (Fig. 2e, f; Table 4). Bacteriochlo-
rophyll a increased in response to nutrient addition, but
only in the restored site. Snails did not affect purple sulfur
bacteria biomass.

Upward cascading effects

There was a significant interaction between time period
and nutrients for snail mortality, as nutrients dramatically
increased snail mortality, but only in the spring and
summer (Fig. 3, Table 5). In both sites, nutrient-related
mortality was lower in the fall (<5% mortality) than in the

Fig. 2a–f Concentrations of accessory pigments in response to site,
nutrient enrichment, and snail addition in spring 2001. a, b
fucoxanthin (diatoms), c, d zeaxanthin (cyanobacteria), e, f bacte-
riochlorophyll a (purple sulfur bacteria). Significant P-values
indicated (S site, N nutrients, Sn snails). Note different y -axes

Table 4 Results of three-factor ANOVA for fucoxanthin, zeaxan-
thin, and bacteriochlorophyll a concentration in response to site,
snail, and nutrient treatments. Significant P-values in bold type

df MS F-value P Power

Fucoxanthin (diatoms)
Site (S) 1 3494.57 13.04 0.0011 0.95
Snails (Sn) 1 319.76 1.19 0.2830 0.18
Nutrients (N) 1 1272.72 4.75 0.0370 0.55
S × Sn 1 266.99 1.00 0.3259 0.15
S × N 1 802.70 3.00 0.0934 0.37
Sn × N 1 92.12 0.34 0.5619 0.09
S × Sn × N 1 29.59 0.11 0.7419 0.06
Residual 31 267.90
Zeaxanthin (cyanobacteria)
Site (S) 1 1.40 25.88 <0.0001 1.00
Snails (Sn) 1 0.46 8.57 0.0063 0.82
Nutrients (N) 1 1.01 18.81 0.0001 0.99
S × Sn 1 0.01 0.08 0.7731 0.06
S × N 1 0.14 2.63 0.1150 0.33
Sn × N 1 <0.01 0.01 0.9075 0.05
S × Sn × N 1 0.12 2.22 0.1461 0.29
Residual 31 0.05
Bacteriochlorophyll a (purple sulfur bacteria)
Site (S) 1 2.56 57.36 <0.0001 1.00
Snails (Sn) 1 0.13 2.83 0.1023 0.36
Nutrients (N) 1 0.57 12.76 0.0012 0.95
S × Sn 1 0.03 0.62 0.4354 0.12
S × N 1 0.21 4.67 0.0386 0.54
Sn × N 1 0.01 0.22 0.6457 0.07
S × Sn × N 1 0.06 1.40 0.2460 0.20
Residual 31 0.04
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summer (Scheffe’s, P=0.0007) or the spring (P =0.0001),
but mortality was similar between spring and summer
(P>0.1). Snail mortality tended to be higher in the restored
site, but the significant interaction between site and time
period suggested that the highest mortality rates in the
natural site occurred in the spring and in the restored site
mortality was high in both the spring and summer.

In simple linear regressions (not shown), percent snail
mortality exhibited significant positive relationships to the
cyanobacteria: diatom (r2 =0.334, P=0.0095) and the
cyanobacteria: purple sulfur bacteria molar ratios (r2

=0.221, P=0.0421), suggesting that snail mortality in-
creased as cyanobacteria became more common compo-
nents of the microalgal community.

Final snail densities in the open plots were lower in the
restored (218.8±32.2 m−2 (grand mean ±SE) than in the
natural site (556.0±23.6; ANOVA, df=1, F=70.31,
P<0.0001, power =1.00). Snail densities were not affected
by nutrient treatment (−nutrients 363.6±66.6, +nutrients

411.2±57.9), with no significant interactions (all P>0.1, all
power <0.2).

Monitoring of snail movements in the spring demon-
strated that the average per-plot daily rate of the number of
snails immigrating into cages (ANOVA, df=1, F=13.70,
P=0.0021, power =0.95), escaping from cages (df =1,
F=20.46, P=0.0005, power =0.99), and climbing cage
walls (df =1, F=37.96, P<0.0001, power =1.00) was
higher in the restored than in the natural site (Table 6).
There was a trend of fewer snails immigrating into
+nutrient enclosures (df =1, F=3.93, P=0.0661, power
=0.45). Nutrient enrichment did not affect the number of
escaping or climbing snails, and there were no significant
interactions between factors for any snail behavior (all
P>0.1, all power <0.3).

Discussion

Our study demonstrated strong effects of nutrient enrich-
ment and weaker effects of grazing on microalgal biomass
and community composition. Nutrient enrichment often
stimulates primary production (e.g., Menge 1992), but
upward cascading effects of nutrient addition on the
biomass of higher trophic levels are variable. Meiofauna,
gastropods, and bivalves have exhibited increases in
biomass in response to the enhanced food quality that
results from nutrient addition in freshwater wetlands
(Hann et al. 2001) and lakes (Clarke et al. 1997). In
contrast, a meta-analysis of food webs in pelagic habitats
revealed weak linkages between nutrient loading and
upper trophic levels due to complexity within trophic
levels and the advection of nutrients and organisms from
open marine systems (Micheli 1999). In addition, in
habitats where microalgal food is abundant, such as tidal
creeks, benthic consumer groups may show little response
to enrichment (Wiltse et al. 1984; Posey et al. 2002),
although Sardá et al. (1996) did document a long-term
increase in macrofaunal biomass in tidal creeks following
15 years of nutrient addition.

The mechanism and nature of the strong upward
cascading effects that we observed were different than in
previous studies—the bottom-up effects were negative and
were attributable more to the growth of cyanobacteria
rather than to an overall increase in primary productivity.
Similar nutrient-induced cyanobacterial blooms have been
widely documented in phytoplankton communities and

Table 5 Results of a three-factor ANOVA for snail mortality in
response to site, time period, and nutrients. Significant P-values in
bold type

df MS F-value P Power

Site (S) 1 3.67 8.79 0.0048 0.84
Time period (T) 2 5.73 13.74 <0.0001 1.00
Nutrients (N) 1 9.69 23.24 <0.0001 1.00
S × T 2 1.48 3.56 0.0368 0.63
S × N 1 0.86 2.07 0.1571 0.28
T × N 2 2.19 5.24 0.0090 0.82
S × T × N 2 0.09 0.22 0.8025 0.08
Residual 45 0.42

Fig. 3 Percent mortality of recovered snails at the end of each time
period in response to site and nutrient addition. Significant P-values
indicated (S site, T time period, N nutrients)

Table 6 The estimated daily immigration, escape, and climbing
rates of snails in spring 2001 (mean no. snails plot−1 day−1±SE)

Immigrated Escaped Climbing

Natural
+nutrients 0.4±0.1 <0.1 1.1±0.3
−nutrients 1.7±0.6 <0.1 0.5±0.1
Restored
+nutrients 2.3±0.4 0.2±0.1 2.5±0.5
−nutrients 3.2±1.2 0.2±0.1 2.6±0.2
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frequently contribute to deleterious conditions such as
anoxia or toxicity (Paerl 1996). Harmful algal blooms, of
which cyanobacteria are sometimes components, may
have negative implications for upper trophic levels, as
cyanobacteria are known to contain compounds toxic to
consumers (Fulton and Paerl 1987; Ferrão-Filho et al.
2000). However, the upward cascading effects of cyano-
bacterial blooms are largely unknown in benthic estuarine
habitats.

The increase in snail mortality that we observed was
likely caused by consumption of nutrient-induced cyano-
bacterial blooms. Snail mortality was higher when cyano-
bacteria comprised a larger relative portion of the
microalgal community. Purple sulfur bacteria closely
associated with the cyanobacterial mats may have also
contributed to snail mortality, although they are not
generally considered to be toxic (Decho and Castenholz
1986). C. californica ingest a fluid slurry of diatoms and
other surficial material (Whitlatch and Obrebski 1980),
suggesting a generalized diet limited only by the size of
the microalgal particles. Thus, when cyanobacteria were
abundant, they probably composed a large portion of the
snails’ diet. In addition, cyanobacteria was the only
microalgal group that decreased in biomass in the presence
of snails, a strong indication of snail consumption. The
snails probably consumed diatoms as well, but higher
diatom growth rates (Sommer 1997) may have masked the
effects of herbivory. Alternatively, diatom migration
downwards into the complex cyanobacterial mats may
have provided diatoms with a refuge from herbivory
(Pinckney et al. 1994; Geddes and Trexler 2003),
augmenting snail consumption of cyanobacteria. Further-
more, in the fall, when the snails were less active (Race
1981) and thus consuming less microalgal biomass,
mortality was much lower, despite qualitatively observed
intense cyanobacterial blooms. This suggests that nutrient-
related snail mortality was primarily tied to their diet rather
than an abiotic side effect of nutrient addition.

C. californica consumption of a toxic food source and
the absence of any tendency to avoid the cyanobacterial
mats, as suggested by the lack of a snail movement
response away from nutrient addition treatments in the
uncaged plots and similar escape and climbing rates across
nutrient treatments, present apparent contradictions of the
principles of natural selection. In some cases, grazers may
accept cyanobacteria as a food source despite their non-
nutritive or even toxic properties because of the high
nitrogen content of the cells, particularly of diazotrophic
species (O’Neil 1999). This may have been particularly
relevant in the nitrogen-poor sediments in the restored site.
Closer evaluation of the cyanobacterial community may
further account for these paradoxes. Cyanobacteria are a
normal part of C. californica diet (Javor and Castenholz
1984; Page 1997), but a nutrient-induced shift in
cyanobacterial species composition (Kuffner and Paul
2001; Thacker et al. 2001) may have increased the
abundance of toxic or non-nutritive species and caused
snail mortality. The snails may have consumed the
cyanobacteria despite their toxic properties because they

were not able to detect this anthropogenically influenced
species-level shift within the cyanobacterial assemblage or
were forced to consume it due to their confinement within
the cages. Other possibilities include competitive exclu-
sion by the invasive and competitively dominant mud snail
Batillaria attramentaria (Byers 2000) that forced C.
californica to consume less desirable food sources.
However, B. attramentaria seldom occur as far south as
Mugu Lagoon, suggesting that this was not an important
interaction in our study. Alternatively, C. californica in
southern California are heavily infected with trematode
parasites (Lafferty 1993). Parasitism has been known to
cause hosts to exhibit deleterious behaviors that contradict
natural selection principles (Lafferty and Morris 1996), but
this is an unlikely mechanism in our study because
infected C. californica generally exhibit normal feeding
behaviors (Lafferty 1993).

Although diet was probably an important cause of snail
mortality, there are some possible abiotic consequences of
nutrient addition that may have contributed as well.
Anoxic conditions are commonly associated with eutroph-
ication, especially in lakes or other stratified bodies of
water (Childs et al. 2002). C. californica is sensitive to
anoxia (Byers 2000), but the sediments in our study were
highly anoxic across treatments and sites (Armitage 2003).
Alternatively, the rapid nutrient-induced development of a
dense, laminar cyanobacterial mat may have physically
inhibited C. californica grazing by preventing the disrup-
tion and subsequent ingestion of the microalgal mat (Javor
and Castenholz 1984) and by providing a barrier that
prevented consumption of diatoms lower down in the mat
structure (Pinckney et al. 1994; Geddes and Trexler 2003).
However, C. californica exhibited the capacity to graze
these cyanobacterial mats in both ambient and enriched
nutrient treatments, as demonstrated by a decrease in
zeaxanthin concentration in the presence of snails.

Nutrient enrichment strongly influenced the composi-
tion of our primary producer community, corroborating
reports of increases in cyanobacterial biomass and shifts in
microalgal community composition in response to nutrient
addition in habitats ranging from coral reefs (Miller et al.
1999) to marine microbial mats (Pinckney et al. 1995).
High nutrient uptake rates in cyanobacteria may give them
an advantage in nutrient-replete conditions over algal
groups that are better competitors in low nutrient
environments (Fong et al. 1993). Another potential
mechanism for this shift is that as N or P increases in
supply, Si may subsequently become limiting for diatoms
(Carrick and Lowe 1988), although this seems an unlikely
mechanism on sandy substrates. Alternatively, cyanobac-
teria often produce allelopathic compounds, which may
inhibit diatom growth or production (Keating 1978). In
addition, those cyanobacteria that fix nitrogen may bloom
in response to phosphorus additions (Pinckney et al.
1995). Although many of the cyanobacterial genera that
we encountered were probably nonheterocystous (Zedler
1980), some nonheterocystous cyanobacteria can fix
nitrogen by temporally and spatially separating the
fixation and photosynthetic processes (Berman-Frank et
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al. 2001). Markedly different responses of each microalgal
group to nutrient enrichment suggest that the tendency to
consider the microphytobenthos as a single unit can
potentially obscure the ecologically important roles of
each group (Sullivan and Currin 2000). This further
underscores the importance of understanding the complex-
ity within trophic levels in evaluating the strength and
nature of trophic relationships in natural systems (Micheli
1999).

Very little is known about the ecological roles of purple
sulfur bacteria or their responses to eutrophication,
particularly in tidal wetlands on the west coast of the
USA, and our study showed that they are important
components of the microphytobenthos. It has been
established that phototrophic bacteria provide an important
source of carbon to food webs in lakes (Overmann et al.
1999), and they are likely critical components of micro-
bial-based food webs in coastal wetlands as well (Decho
and Castenholz 1986). In addition, mats of phototrophic
bacteria often form in highly eutrophic regions and may be
useful indicators of nutrient input (Meyer-Reil and Köster
2000).

Although negative upward cascading effects of nutrient
addition were observed in both sites, many of the
interactions between site and treatment effects stemmed
from between-site differences in cyanobacterial and purple
sulfur bacterial biomass. Diatom, cyanobacterial, and
purple sulfur bacterial biomass estimates in the natural
site were similar to those in marshes on the east and Gulf
coasts of USA (Pinckney et al. 1995; Goldfinch and
Carman 2000), but our restored site had markedly higher
cyanobacterial and purple sulfur bacterial biomass,
possibly due to differences in sediment grain size struc-
ture. Onuf (1987) had previously observed higher
cyanobacterial abundance on muddy than on sandy
sediments at Mugu Lagoon, but Currin et al. (1996)
suggest that the relatively stable nature of coarse grained
sediments like those in our restored site may actually
facilitate cyanobacterial survival, preventing resuspension
and providing a suitable substrate for their movement. In
addition, lower vegetation cover in restored marshes
favors the growth of microalgal mats (Piehler et al.
1998). In one of the few studies that evaluated microalgal
community composition in restored salt marshes, cyano-
bacterial mats dominated on compacted, drier sediments
(Underwood 1997). This distribution might have been
partly due to the limited mobility of cyanobacterial
filaments and the subsequent inability of cyanobacteria
to flourish on muddy sediments that are easily resus-
pended by tidal currents or bioturbation. These more
muddy sediments are similar to those in our natural
mudflat, where cyanobacterial biomass was lower.

Different responses to nutrient enrichment in our natural
and restored sites demonstrated the close links between
bottom-up trophic processes in benthic habitats and abiotic
characteristics such as grain size. It is highly likely that the
sandy sediments in the restored site facilitated cyanobac-
terial colonization and growth. In addition, the strong
fertilization response in the restored site may have been

augmented by the low background availability of nitrogen
in the sandy sediments. The community-level effects of
the use of fertilizer to aid vascular plant establishment in
created wetlands (Zedler 1996) should be carefully
evaluated on a case-by-case basis, as dramatic shifts in
microalgal community structure in response to nutrient
enrichment, especially in nutrient-poor sandy sediments,
may have negative cascading effects up the food chain.
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