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INTRODUCTION

Plant–consumer interactions are complex and can
have wide-ranging impacts on community structure
and dynamics (Lubchenco & Gaines 1981, Huntly
1991, Maron & Crone 2006, Hakes & Cronin 2012).
In most cases, consumers are shown to have strong
deleterious effects on plant growth, reproduction,
and survival (Crawley 1989, Huntly 1991, Marquis
1992, Karban & Strauss 1993, Maron & Crone 2006,
Brys et al. 2011). However, plants can employ a
multitude of strategies to defend against and limit
susceptibility to herbivores, including morphological

defenses, chemical defenses, variation in nutritional
content, and phenological escape (Lubchenco &
Gaines 1981, Hay & Fenical 1988, Agrawal 2000,
Lucas et al. 2000, Hanley et al. 2007). Alternatively,
plants can employ a strategy of tolerance to her-
bivory (Stowe et al. 2000), at times even increasing
productivity and re-growth in response to consump-
tion (overcompensation; Vail 1992, Valentine et al.
1997, Strauss & Agrawal 1999, Agrawal 2000,
Vergés et al. 2008, Poveda et al. 2012). These mech-
anisms, alone or in combination, help plant commu-
nities persist even in conditions of intense grazing
pressure.
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Most studies of plant–consumer interactions in
marine systems have focused on vegetative tissues
(see Heck & Valentine 2006), yet consumers can also
have large impacts on plant reproduction. For in -
stance, many vascular plants have differentiated
reproductive structures, and herbivores may prefer-
entially consume these specialized tissues (Vergés et
al. 2007, Pansch et al. 2008). Herbivore consumption
of inflorescences, seeds, or reproductive tissues can
reduce plant reproductive success (Holbrook et al.
2000, Orth et al. 2002, Balestri & Cinelli 2003,
Lavergne et al. 2005, Thornber et al. 2006, Vergés et
al. 2007, Pansch et al. 2008, Planes et al. 2011). As
with vegetative tissues, plants can employ a number
of strategies to resist or tolerate these losses. For
example, higher phenolic content and lower nutri-
tional value have been found in both seagrass and
kelp reproductive tissues compared with vegetative
tissues, yet this defense does not always lead to
reduced consumption (Vergés et al. 2007, Pansch et
al. 2008). Plants can also withhold a large portion of
their reproductive resources from initial flowers,
hedging that the initial investment will be consumed,
and then produce secondary inflorescences that have
greater reproductive output once herbivory is less-
ened (Vail 1992, Agrawal 2000). Thus, the impact of
consumers on both plants’ reproductive output and
vegetative biomass is dependent on a combination of
consumer foraging preferences and the plants’ abil-
ity to tolerate, defend, or overcompensate in res -
ponse to this pressure.

As in other systems, consumers can control the dis-
tribution and abundance of ecologically and econom-
ically valuable plants in the salt marsh community
(Denno et al. 2000, Silliman & Zieman 2001, Silliman
et al. 2005, Pennings & Silliman 2005, Bertness & Silli-
man 2008, Hughes 2012, Kimbro 2012). Consumer in-
tensity is generally stronger in lower latitude marshes
(Pennings & Silliman 2005, Pennings et al. 2009), and
the dominant marsh grass Spartina alterniflora (here-
after referred to as Spartina) defends against this con-
sumer pressure with both constitutive (Salgado &
Pennings 2005) and inducible (Denno et al. 2000,
Long et al. 2011) de fenses. Common Spartina con-
sumers include a suite of insects such as planthoppers
(Denno et al. 2000) and grasshoppers (Pennings & Sil-
liman 2005), along with estuarine invertebrates in-
cluding crabs (Holdredge et al. 2009) and snails (Silli-
man et al. 2005). We focus here on the marsh
periwinkle Littoraria irrorata (hereafter referred to as
Littoraria), a common inhabitant of marshes along the
Gulf of Mexico. These snails remain on the ground
during low tide but migrate up standing live and

dead Spartina stems at high tide to escape both the
physical stress and increased predation pressure as-
sociated with tidal inundation (Hovel et al. 2001,
Lewis & Eby 2002). Traditionally considered solely a
detritivore, Littoraria also consumes live Spartina tis-
sue directly, and thereby promotes and consumes
fungal growth on Spartina stems (Silliman & Newell
2003). Littoraria can cause significant losses of
Spartina biomass (Silliman & Zieman 2001, Silliman
et al. 2005, Gutafson et al. 2006, Kimbro 2012).

To date, studies have focused on the effects of Lit-
toraria on Spartina vegetative tissues. Yet Spartina re-
produces by both vegetative rhizome growth and
fragmentation, and by flower/seed production on spe-
cialized reproductive stems (Daehler & Strong 1994,
Proffitt & Young 1999, Proffitt et al. 2003, Proffitt et al.
2005), and thus our understanding of Littoraria effects
ignores a critical component of the Spartina life his-
tory. Although conventional wisdom holds that vege-
tative reproduction dominates in Spartina stands, ge-
netic and genotypic diversity can be quite high within
its native range (Richards et al. 2004, R. Hughes un-
publ. data). Thus, any effects of Litoraria on the timing
or success of Spartina reproduction could have impor-
tant ramifications for population dynamics. In addi-
tion, shifts in the relative success of vegetative vs. sex-
ual reproduction in this species could have cascading
effects to the broader salt marsh community by influ-
encing clonal identity and diversity (Proffitt et al.
2005, Hughes et al. 2008, Wang et al. 2012).

In this study we investigated Littoraria preferences
for vegetative and reproductive Spartina stems, and
whether snail presence affects the reproductive suc-
cess of Spartina. We used a field survey and a series
of experiments to answer the following questions:
(1) Does Littoraria prefer climbing on reproductive
Spartina stems compared to vegetative stems? (2)
What traits (e.g. plant height, rigidity or nutrient con-
tent) influence Littoraria climbing preferences? and
(3) How does snail presence impact the success of
Spartina reproduction? Because our previous re -
search demonstrated that snails preferentially climb
on a taller and more rigid neighboring plant species
(Juncus roemerianus; Hughes 2012), we hypo -
thesized that Littoraria would prefer to climb on
Spartina reproductive stems, which are structurally
similar to Juncus. Alternatively, snails may preferen-
tially climb on reproductive stems to consume inflo-
rescences and seeds (e.g. Vergés et al. 2007). Re -
gardless of the precise mechanism, snail preferences
for reproductive stems could adversely impact
Spartina’s reproductive success and could exacer-
bate the effect of Littoraria on Spartina biomass.
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MATERIALS AND METHODS

Study system

Salt marsh communities are a key feature of the
low-energy intertidal sites along the Gulf of Mexico,
and many are dominated by the marsh grass Spartina
alterniflora within the low to mid intertidal zone
(Stout 1984, McKee & Patrick 1988, Seliskar et al.
2002). Spartina is a foundation species that modifies
the surrounding environment to reduce abiotic and
biotic stresses, thereby providing habitat for a di -
verse and ecologically important community (Bruno
2000, Pennings & Bertness 2001, Proffitt et al. 2005).
These communities provide many valuable services
including storm buffering, erosion control, and nurs-
ery habitats for several marine species that make
them valuable ecosystems (Barbier et al. 2011); yet
there have been extensive die-offs in salt marsh com-
munities in the southeastern United States in the past
decade (Bourne 2000, Proffitt 2000, Edwards et al.
2005, Alber et al. 2008, Bertness & Silliman 2008).
Therefore, determining the factors that influence salt
marsh plant distribution and persistence are impor-
tant to mitigate the loss of these systems.

Spartina flowering stem production in the north-
east Gulf of Mexico occurs annually from July
through November, although the specific timing can
vary geographically (Fang et al. 2004a,b). Pollination
is wind-driven (Davis et al. 2004) and Spartina is
largely cross-pollinated (Daehler & Strong 1994,
Fang et al. 2004b), with seeds produced in late fall.
Seeds primarily germinate in the early spring (Biber
& Caldwell 2008). Over the course of our research,
we noticed that developing reproductive stems move
through a number of transitional steps before pro-
ducing fertile inflorescences, and each of these
stages exhibits structural differences from Spartina
vegetative stems (Fig. 1; R. Zerebecki pers. obs.): The
first stage is a vegetative-like stem with a stagger
leaf structure along the stem (unlike the normal mor-
phology of vegetative shoots). This stage was fol-
lowed by pre-flowering stems, characterized by the
formation of a single leaf on the top of the stem.
Flowering stems were denoted by the presence of
inflorescences, and the final seeding stage was clas-
sified by the production of seeds on the inflores-
cence. We catalogued each of these different repro-
ductive stem transitions in our field experiment in
order to examine whether snail presence differen-
tially impacted some stages. However, all of our
mesocosm experiments were conducted with fully-
developed flowering reproductive stems.

Field surveys

In October 2010 we conducted field surveys at
6 sites along the Florida Panhandle: Fort Walton,
St. Andrews Bay, St. Joseph Bay, Turkey Point, Shell
Point and Yates Creek (Fig. 2). At each site, we
sampled 20 plots randomly located within two 50 ×
20 m locations at each site (10 plots in each location,
with the exception of St. Andrews which had only 5
plots at one location due to low abundance of
Spartina; see Kimbro (2012) for additional descrip-
tion of these sites). We recorded the number of veg-
etative and reproductive Spartina stems and the
height of 5 haphazardly chosen stems of each type
within one 1/16 m2 quadrat in each plot. Addition-
ally, we re corded the number of Littoraria present
on vegetative and reproductive Spartina stems
within each quadrat to evaluate Littoraria climbing
preferences. Tissue samples were taken from the
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innermost leaf of one representative reproductive
and vegetative stem within each plot (when present)
and frozen for C:N analysis to evaluate potential
differences in reproductive and vegetative tissue
nutritional quality.

The frozen leaf tissue samples were analyzed for
C:N by being dried for at least 24 h at 60°C and then
ground into fine powder with a tissue grinder (SPEX
Sample Prep 5100 Mixer mill). At the National High
Magnetic Field Laboratory in Tallahassee, Florida, 5
to 10 mg of ground sample of known weight was ana -
lyzed on a mass spectrometer. Acetamilide (72.1%
carbon and 10.4% nitrogen) was used as a standard
for comparison with our samples.

Mesocosm experiment

We conducted a factorial mesocosm experiment to
examine the independent and interactive effects of
Spartina stem type (reproductive vs. vegetative),
stem height, and tissue nutrient content on the climb-
ing preference of Littoraria, as well as whether this
preference changes in the presence of a snail pre -
dator (crown conch Melongena corona, hereafter
referred to as Melongena).

Reproductive and vegetative stems were collected
from St. Joseph Bay, Florida, in October 2010 in 2
height classes (N = 64): tall (mean ± SE reproductive
stem height = 73.14 ± 1.1 cm; mean vegetative stem
height = 58.44 ± 0.8 cm) or short (mean reproductive
stem height = 45.64 ± 0.6 cm; mean vegetative stem
height = 36.59 ± 0.8 cm). Plants were potted as a sin-
gle shoot in 0.65 l flowerpots with a gravel-mulch mix
and then housed in the Florida State University
Coastal and Marine Laboratory (FSUCML) green-
house. Half of each stem type × height combination
was fertilized with Miracle Gro All Purpose liquid
fertilizer (400 ml per flowerpot) 10 d prior to the
beginning of the first trial and left to stand in a fresh-
water-fertilizer mix, whereas the other half only had
freshwater. Fertilizer contained NPK at 24:8:16 with
trace elements (B, Mo, Cu, Fe, Zn, and Mn) at a con-
centration of 2.81 g l−1. Plants in the fertilized treat-
ments had fertilizer added weekly.

The experiment was run in 32 outdoor mesocosms
(diameter = 42 cm; volume = 75.7 l) during November
2010. All mesocosms received one reproductive and
one vegetative Spartina stem surrounded by sieved
sand collected in the field. Plants were enclosed in
cages made with PVC frames and mesh netting to
prevent snails from escaping. We tested all possible
combinations of the following factors: reproductive

stem height (short, tall); vegetative stem height
(short, tall); reproductive stem nutrient status (fertil-
ized, not fertilized); vegetative stem nutrient status
(fertilized, not fertilized); predator (present, absent).
Although reproductive stems were taller on average
than vegetative stems, the mean ± SE difference in
stem height between the pairs tested in the short-
short or tall-tall combinations was 12.17 ± 0.93 cm,
compared with 27.5 ± 2.34 cm difference between
tall-short combinations. Predator treatments in vol -
ved either the presence or absence of 2 Melongena.
The 32 different treatment combinations were ran-
domly assigned to mesocosms. Because of limits on
the number of mesocosms available, we replicated
through time (N = 4) by conducting four 5 d trials
over a 4 wk period. Although there were 32 different
treatment combinations, for all analysis we pooled
tall−tall and short−short height treatment combina-
tions into a single treatment level (same height; N =
8) and compared it to the other 2 height treatments:
tall reproductive (N = 4) and tall vegetative height
(N = 4), crossed with levels of both fertilizer and
predator treatments. Prior to each trial, tissue sam-
ples were taken from each plant on the innermost
leaf and were frozen for C:N analysis to confirm the
effectiveness of fertilization treatments. Stable iso-
tope analysis was run as previously described in the
field survey section.

Each mesocosm received 20 snails on the first day
of each trial. This density (222 snails m−2) is higher
than average densities (56 snails m−2) but within the
range of natural densities (0 to 464 snails m−2) in the
field (R. Hughes unpubl. data). Snails were allowed
to acclimate for one day prior to the predator treat-
ments receiving Melongena. We simulated a diurnal
tidal regime throughout the experiment, with a high
tide of 18 cm depth from 09:30 h to 15:30 h daily, and
a low tide of 0 cm depth for the remaining hours, with
1 h for draining and flooding.

On Day 4 only, we quantified the number of Lit-
toraria climbing on either reproductive or vegetative
Spartina stems at low tide (30 min before the water
began to rise) and at high tide (30 min before the
water began to fall). Because of the short duration of
the experiment (5 d), we did not quantify plant
responses in this experiment.

Feeding assays

We quantified the palatability of reproductive and
vegetative tissues using controlled feeding assays.
Fully-developed reproductive and vegetative Spar -
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tina stems were sampled from field-collected plants
that were growing in the FSUCML greenhouse.
Feeding assays were set up following the protocol
established in Long et al. (2011). Tissue was first
dried in kitty litter for 1 month, ground into fine pow-
der using a Wiley Mill, and 0.4 g of this material was
combined into 40 ml of 2% agar solution. Approxi-
mately 2 ml of this solution was placed in a Petri dish
(height × diameter = 4 × 50 mm) to yield 15 replicates.
After cooling, reproductive and vegetative dishes
were paired within Tupperware containers (N = 15)
and 4 Littoraria were placed in the middle of the 2
dishes. Assays were stopped when half of one dish
was consumed or after 5 d, whichever came first.
Consumption was quantified by placing the Petri
dish on top of window screen and counting the num-
ber of empty window-screen squares. Feeding assays
were run in June 2012.

Rigidity tests

To confirm the observed structural differences in
vegetative and reproductive stems, we quantified
plant rigidity of vegetative and reproductive Spartina
stems in the greenhouse in February 2012 following
the protocol established in Hughes (2012). We used
2 paper clips (1 large, 1 small) as a snail ‘mimic’: the
mass of the clips (1.41 g) approximated the mean
mass of an individual Littoraria (1.37 g). We attached
the clips to the leaf of vegetative (n = 36) and repro-
ductive stems (n = 36) at a height of 30 cm above the
sediment surface. Snails regularly climbed to this
height in our experimental mesocosms at high tide
(R. Zerebecki pers. obs.). We then evaluated rigidity
by measuring (1) the angle that each leaf bent from
natural position when 3 mimic snails were attached,
and (2) the number of snail mimics necessary to bend
the leaf beyond 90 degrees. In addition, we quanti-
fied the relationship between rigidity and plant
height in the field by measuring the height and the
angle of leaf bend with 3 mimic snails on 61 vegeta-
tive Spartina stems in a natural marsh in January
2011.

Reproductive stems were both taller and more rigid
than vegetative stems (see ‘Results’). To differentiate
between height and rigidity as factors in snail climb-
ing preferences, we conducted rigidity-height choice
experiments in the greenhouse at FSUCML. We used
plastic flexible straws as mimic Spartina stems by
securing straws in Dixie cups using plaster of Paris.
Rigidity was controlled by varying the depth to
which the flexible portion of the straw was stabilized

in plaster of Paris: the flexible portion was completely
covered by plaster to create ‘rigid’ stems, whereas
the flexible portion was above the plaster for ‘flexi-
ble’ stems. Rigidity tests, performed as described
above, illustrated that there were significant differ-
ences in rigidity between the flexible and rigid mim-
ics (angle of bend with 3 snail mimics: t8 = 2.666, p =
0.03; number of snails to bend beyond 90 degrees:
t8 = 9.3867, p < 0.001). This difference in flexibility is
much smaller than the difference observed between
reproductive and vegetative stems in nature (see
‘Results: Rigidity tests’). To manipulate height, we
cut rigid or flexible stems to 25 cm (‘tall’) or 20 cm
(‘short’). This height difference (5 cm) was sufficient
to elicit a snail behavioral response in a previous
mesocosm experiment (Hughes 2012). Each experi-
mental pot (1.70 l) contained 1 mimic stem of each
combination of rigidity (rigid, flexible) and height
(tall, short), for a total of 4 mimic stems per pot.
The plaster portion of the stems was covered with
sand. Trials were run in the greenhouse water tables
in a depth of 13 cm of seawater and with crown
conch Me longena corona predators freely roaming
throughout the table. One Littoraria was placed in
the center of the experimental container equidistant
from each stem and allowed to roam for 30 min, after
which its location was recorded to determine snail
preference for different plant morphology. We tested
186 snails throughout March and April 2012.

Field experiment

From July 2011 to January 2012, we conducted a
field caging experiment at Turkey Point, Florida, to
examine the effects of snail presence on the number,
height and seed production of reproductive Spartina
stems. We installed 32 galvanized hardware cloth
cages (30 cm diameter) in a natural marsh just prior
to the Spartina reproductive season. Cages were
paired with less than 1 m between cages within pairs,
and greater than 1 m between adjacent pairs: cages
within a pair were randomly assigned to snails
 present (10 snails per cage) or absent. This density
(142 snails m−2) is higher than average (56 snails m−2)
but within the range (0 to 464 snails m−2) of natural
densities in the field (R. Hughes unpubl. data). Snails
were censused weekly and added or removed as
needed to maintain treatments. Average initial Spar -
tina density did not differ (1-way ANOVA, F1,30 =
0.12, p = 0.73) between snail (20.0 ± 1.59 stems) and
no snail (19.2 ± 1.72 stems) treatments. Each cage
had at least 1 reproductive stem at the start of the
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experiment (average = 2.44, range = 1−4 stems per
cage). Number, height, and stage of reproductive
stems (Fig. 1) were quantified weekly. Changes in
the number of reproductive stems over the course of
the experiment could occur either as previously veg-
etative stems transition to reproductive stems, or as
reproductive stems die (which naturally occurs after
seeding). We monitored distinct changes in the mor-
phology of reproductive stems to determine if snail
presence could impede this process by examining
how many vegetative-like stems actually progressed
to seeding. After each reproductive Spartina seeded,
the seed head was removed and the number of seeds
quantified in the lab. At the end of the experiment,
we recorded the density and height of vegetative
stems. Vegetative stems are produced continually
throughout the year so any changes in vegetative
stems during our experiment could indicate new
stem growth, stem death, or a transition to reproduc-
tive stems. We did not quantify plant grazing scars as
they were not observed frequently enough to be an
informative measure of snail effects.

Data analysis

Field survey

Field survey data were analyzed using paired 
t-tests to compare average height, number of snails
climbing per live stem, and C:N ratios between
reproductive and vegetative stems. We found that
reproductive stems were taller than vegetative
stems, so to account for the height difference on
snail abundance, we used an ANCOVA to compare
the number of snails climbing per live stem between
reproductive and vegetative stems (stem type) with
plant height as a covariate. All quadrats in the field
survey that did not contain both reproductive and
vegetative stems were excluded from analyses (N =
32 out of 115 plots). In addition, all plots that had
missing C:N values for either reproductive or vege-
tative stems due to sample loss or not enough tissue
(N = 30 out of 115) were excluded from C:N analy-
sis. Analyses with data nested by site yielded
similar results; we present the un-nested analyses
here.

Mesocosm experiment

Snail climbing preference in the mesocosm experi-
ment was analyzed by comparing the number of

snails climbing on the reproductive stems at high and
low tide. We used a 4-way ANOVA followed by
Tukey’s post-hoc tests with height, nutrient status,
and predator treatment set as fixed effects and trial
as a random effect. C:N analyses of tissue taken at
the beginning of each trial revealed no difference
between fertilized and unfertilized stems in Trial 1;
this trial was then excluded from further analyses.
Significant differences in C:N were found between
fertilized and unfertilized treatments in both vegeta-
tive and reproductive stems for all other trials (1-
tailed t-test, p < 0.03).

Feeding assays

In the analysis of laboratory feeding assays we
used paired t-tests to compare the number of empty
squares in each Petri dish to establish the consump-
tion of reproductive versus vegetative Spartina by
Littoraria.

Rigidity tests

Paired t-tests were also used to analyze the data
from the rigidity experiment based on the angle of
leaf bending with 3 snail mimics and the number of
snail mimics to bend leaf beyond 90 degrees be -
tween reproductive and vegetative stems. Linear
regression was used to determine the relationship
between plant height and rigidity. Finally, the
 rigidity-height choice experiment used a 2 × 2 con -
tingency analysis of the number of snails that
chose each height–rigidity combination compared
to an equal frequency or non-preference of each
category.

Field experiment

Because we collected multiple, related response
variables (number of reproductive stems, average
height, total number of seeds produced, number of
seeds per stem, number or height of stems at each
stage, proportion of vegetative-like stems that pro-
ceeded to seeding) in the field experiment, we first
conducted a multivariate analysis (MANOVA) on all
responses. There was no significant snail effect in
this overall analysis, so we did not run ANOVA on
individual responses.

All analyses were conducted using R statistical
software (version 2.14.1).
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RESULTS

Field surveys

Reproductive stems (mean ± SE = 96.56 ± 3.18 cm)
were significantly taller than vegetative stems
(49.77 ± 1.85 cm; t82 =17.02, p < 0.001) in the natural
marshes we surveyed. However, there was no differ-
ence in tissue C:N content between reproductive
(29.54 ± 0.65) and vegetative (28.45 ± 0.82) Spartina
stems (t84 = 1.132, p = 0.26).

In addition to the morphological differences be -
tween reproductive and vegetative stems, we found
a greater proportion of Littoraria on reproductive
Spartina stems (mean ± SE number of snails per live
stem = 0.44 ± 0.11) than vegetative stems (0.16 ± 0.04)
in field plots where reproductive stems were present
(t82 = 3.29, p = 0.001). Even when we corrected for the
taller height of reproductive stems, more snails were
found on reproductive stems (mean ± SE number of
snails per cm of live stem = 0.0046 ± 0.0010) com-
pared with vegetative stems (0.0028 ± 0.00074) in
field plots where reproductive stems were present
(ANCOVA, stem type: F1,162 = 6.10, p = 0.014; stem
type × height interaction: F1,162 = 0.006, p = 0.94).

Mesocosm experiment

Littoraria climbing behavior was not influenced by
either fertilizer treatment (i.e. plant nutritional con-

tent) or predator presence (4-way ANOVA, Predator:
F1,71 = 1.80, p = 0.18, Fertilizer: F3,71 = 1.25, p = 0.30),
or their interactions (F ≤ 0.97, p ≥ 0.41). In contrast,
Littoraria did respond to plant height in our meso-
cosm experiment (F1,71 = 11.49, p < 0.001): more
snails climbed on reproductive Spartina when it was
taller than vegetative stems compared to when re -
productive stems were the same height as or shorter
than vegetative stems (Fig. 3a). This response was
consistent across high (Fig. 3a) and low (Fig. 3b) tide.

Feeding assays

Littoraria did not exhibit a feeding preference for
either reproductive or vegetative Spartina (t14 =
0.1257, p = 0.90). Both reproductive tissue (mean ±
SE = 30.73 ± 15.84 squares of agar) and vegetative
tissue (27.67 ± 16.22 squares of agar) were consumed
in comparable amounts.

Rigidity test

Reproductive stems were not only taller on average
than vegetative stems, but they were also more rigid
when of the same approximate height. We found that
reproductive stems bent to a lesser degree (mean ±
SE = 56 ± 8.4°) compared with vegetative (126 ± 5.0°)
stems when 3 snail mimics were attached to their
leaves (t35 = −7.36, p < 0.001). Moreover, we observed
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that more snail mimics were required on reproduc-
tive stems (mean ± SE number of snails = 5.67 ± 0.67)
compared with vegetative (mean number of snails =
1.83 ± 0.24) to bend stems to greater than 90° (t35 =
−3.24, p = 0.002). In the field, we found a weak nega-
tive relationship between plant height and flexibility
(Angle of Leaf Bend = 180 − 1.07(Height); linear
regression, F1,59 = 8.713, p = 0.005, R2 = 0.11), indica-
ting that taller stems are also more rigid.

In greenhouse trials that de-coupled stem height
and stem rigidity, Littoraria responded to both stem
rigidity and height (2 × 2 contingency analysis, χ2 =
7.91, p = 0.048) largely driven by snail avoidance of
short and flexible mimics (12 snails). We found a
greater total number of snails chose rigid stems (57)
compared with flexible stems (35). More snails also
chose taller stems (52) over shorter stems (40).

Field experiment

Reproductive stem density in our field caging
experiment peaked in the middle of November
(Week 16; Fig. 4), with lower densities at the begin-
ning and end of the experiment. Mean abundance
per reproductive stem stage followed similar trends,
as pre-flowering, flowering, and seeded stems all
had unimodal abundance distributions, and their
peaks were sequential in time (data not shown).
Additionally, mean reproductive stem height de -
creased over the course of the experiment (Fig. 4).

Although reproductive stem abundance changed
over time, these patterns were consistent regardless

of Littoraria presence. In fact, Littoraria did not influ-
ence any metric of Spartina reproductive success that
we quantified over the course of the reproductive
season: number of reproductive stems, average re -
productive stem height, total number of seeds pro-
duced, number of seeds per stem, proportion of veg-
etative-like stems that progressed to seeding, or the
number or height of stems in different stages
(MANOVA, F1,28 = 1.2337, p = 0.35; Fig. 5). There
were also no differences in vegetative stem abun-
dance or height between snail and no snail cages at
the beginning (1-way ANOVA, abundance: F1,30 =
0.005, p = 0.95; average height: F1,30 = 0.153, p = 0.70)
or at the end of the experiment (1-way ANOVA,
abundance: F1,30 = 1.456, p = 0.24; average height:
F1,30 = 0.52, p = 0.48).

DISCUSSION

Our surveys and experiments indicated that Lit-
toraria preferentially climb on reproductive Spartina
stems compared to vegetative stems. In the field,
reproductive stems were taller than vegetative stems
on average, and a greater proportion of snails
climbed on these taller reproductive stems. Our
mesocosm experiment revealed that snail preference
for reproductive stems is consistent regardless of
predator presence or plant nutritional content, as
long as reproductive stems are taller than vegetative
stems (Fig. 3). Thus, snail preference for reproduc-
tive stems seems to be based solely on plant morphol-
ogy: snails preferentially select taller and more rigid
plants. However, this behavior appears to have no
impact on Spartina short-term reproductive success.
The presence of snails during the reproductive sea-
son does not have any negative consequences on
reproductive stem height (a proxy for biomass;
Hughes 2012), number of reproductive stems, or seed
set in Spartina during a 6 month field experiment
compared with plots in which snails were absent
(Fig. 5).

Invertebrate grazers commonly select plant hosts
that provide both nutritional value and refuge from
abiotic and biotic stress (Duffy & Hay 1991, Sotka
2007, Lasley-Rasher et al. 2011). In this study, we
found that the grazer Littoraria prefers reproductive
Spartina stems, yet this choice does not appear to be
based on feeding preference, as we observed no
direct consumption of reproductive stems in our
field experiment, nor a preference for reproductive
stem tissue in our feeding assays. Instead, reproduc-
tive stems may provide greater refuge. Littoraria is
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known to climb Spartina stems as the tide advances
to escape both physical stresses (e.g. temperature,
salinity and osomotic) and avoid predators (e.g. blue
crab Callinectes sapidus and Melongena) that for-
age in the marsh during high tide (Vaughn & Fisher
1988, 1992, Hovel et al. 2001, Lewis & Eby 2002,
Moody & Aronson 2007). In tethering experiments,
Littoraria survival was much higher when above the
mean high tide water level than at the base of
Spartina (Hovel et al. 2001), so the taller and more
rigid stature of reproductive Spartina may result in
a survival advantage by increasing vertical migra-
tion potential (see e.g. Hughes 2012). Similar results
of host preferences based on refuge value occur in a
variety of systems; for example, amphipods tend to
inhabit algae that provide superior refuge from pre-
dation (Duffy & Hay 1991, Sotka et al. 1999, Lasley-

Rasher et al. 2011) or physical stress (e.g. wave
action; Sotka 2007) although the plant host is not
necessarily a preferred food. Several examples of
insect-host preference indicate that generalist herbi -
vorous insects select host plants that provide the
highest quality of enemy-free space — yet are of
lower nutritional value (Singer & Stireman 2003,
Singer et al. 2004). This illustrates an important dis-
tinction for consumers when choosing a plant host.
Some herbivores are able to choose based solely on
the highest food quality, whereas other consumers
require plants for structure, thus balancing the
tradeoff between food quality and refuge value
determines plant preference. In our study system,
the role of plant host as a refuge is likely driving the
behavioral preference for Littoraria to climb on
reproductive Spartina.
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Our observations suggest that Littoraria are able to
determine refuge value of stems prior to climbing
Spartina. Littoraria are thought to have better vision
than most other gastropods, which aids in their abil-
ity to locate plants, to escape tidal inundation and
predation (Vaughn & Fisher 1992), and to know
when the water subsides enough to climb down
(Hovel et al. 2001). Thus, it is at least possible that
they distinguish the height of plants visually. In addi-
tion, they may use stem rigidity as a proxy for height:
we found a positive relationship between plant
height and rigidity in Spartina and our tests of height
and rigidity indicate that snail preferences were
based on both factors (although the response to rigid-
ity was stronger). The height differences tested in
this experiment were slight (5 cm) compared to the
differences between vegetative and reproductive
stems (~45 cm in field survey), which may have con-
tributed to the relatively weak response of snails to
height. Regardless of the particular cues used to
assess plant height, both taller and more rigid stems
are likely to convey a survival advantage to Littoraria
by providing escape from predation and physical
stress from tidal inundation (Hughes 2012).

Even though Littoraria preferentially climb on
Spartina reproductive stems, we found no effect of
snail presence during the reproductive season on the
reproductive success of Spartina. Previous studies
have shown that most consumers reduce plant repro-
ductive success through direct consumption of inflo-
rescences, seeds (Holbrook et al. 2000, Orth et al.
2002, Lavergne et al. 2005, Vergés et al. 2007), and
reproductive tissues (Thornber et al. 2006, Pansch et
al. 2008), or through foliage consumption that leads
plants to reduce the amount of biomass allocated to
seed production (Rausher & Feeny 1980, Anderson &
Frank 2003, Lavergne et al. 2005, Brys et al. 2011).
We did not observe significant direct or indirect (e.g.
grazing scars) signs of consumption of reproductive
Spartina stems by Littoraria, perhaps explaining the
lack of an effect of snail presence on reproductive
success, even though the densities of snails used in
our experiment were higher than average densities
in the field. In fact, we rarely (if ever) observed Lit-
toraria climbing to the very tops of stems where inflo-
rescences and seeds occur with the exception of
extreme high tides, and this observation was more
common for shorter reproductive stems.

Further, we found no effect of snail presence on
vegetative stem density or height, in contrast with
previous experiments (Silliman & Zieman 2001, Silli-
man et al. 2005, Hughes 2012, Kimbro 2012). The
apparent discrepancy between our results and our

own past work (Hughes 2012) could have resulted
despite similar mechanisms. Hughes (2012) found
negative effects of snails on Spartina, but only in the
absence of the structurally taller and more rigid
neighboring species, Juncus roemerianus, which
snails preferentially climbed on as a refuge. In our
field experiment, the taller and more rigid reproduc-
tive stems were present in every cage; it is at least
possible that snails have negative effects on vegeta-
tive Spartina in their absence. The height difference
between reproductive and vegetative stems is similar
to the difference between Spartina and Juncus, sug-
gesting that reproductive stems can provide an asso-
ciational plant refuge for vegetative stems by acting
as a more attractive host due to their height and
rigidity, altering the behavior of Littoraria and limit-
ing the amount of time snails spend on and consume
vegetative stems (Tahvanainen & Root 1972, Atsatt &
O’Dowd 1976, Pfister & Hay 1988).

Alternatively, the absence of snail effects on repro-
ductive or vegetative Spartina in our field experi-
ment may have resulted from an influx of additional
food resources in the form of seagrass detritus
(‘wrack’) at our field site (R. Zerebecki pers. obs.).
Littoraria consume a variety of organic material
including detritus, standing dead plant material, live
plants, and fungus on live plants (Graca et al. 2000,
Silliman & Newell 2003, R. Hughes unpubl. data).
This generalist feeding strategy may contribute to
the weaker consumer impacts that we observed
(Strong 1992). Alternatively, our results may be a
function of tidal regime and its effects on snail
behavior: Kimbro (2012) observed lower grazing and
higher Spartina biomass in mixed tidal regimes,
including our study site at Turkey Point. Had we con-
ducted our field experiment at a nearby site within a
diurnal tidal regime — one that requires snails to
climb on Spartina for longer durations between low
tides — we may have at least documented an effect of
snail presence on vegetative stems. At present, it is
unclear whether Littoraria may have an impact on
Spartina reproduction at sites where snail grazing of
Spartina vegetative stems is high, other than the
obvious conclusion that there is a negative effect on
reproduction in cases when all vegetation is removed
(cf. Silliman et al. 2005).

There also may have been snail effects on Spartina
reproductive success at levels we did not examine.
For instance, we quantified seed production but did
not examine the viability of these seeds or resulting
seedlings, and previous studies have shown that
herbi vory can reduce seed viability (Marquis 1992,
Mueller et al. 2005). Further, although we estab-
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lished our consumer treatments at the onset of the
flowering season, the plants at our experimental site
may have already determined allocation to reproduc-
tive vs. vegetative stems when we started the exper-
iment. If there is a lag time in consumer effects (e.g.
Marquis 1992, Karban & Strauss 1993), or if the
effects of herbivory on reproductive success require
snails to be present for longer periods of time (e.g.
Hughes 2012), then we may underestimate consumer
effects on reproductive success in this system.

Although the majority of published studies have
shown negative impacts of herbivores on plant repro-
ductive success, there are examples of negligible or
even positive impacts of consumers that demonstrate
the complexity of this relationship (Anderson &
Frank 2003, Ginane et al. 2003, Pansch et al. 2008).
Herbivory can stimulate flower and seed production,
as well as increase the number of reproductive tillers
and overall reproductive potential in some plant spe-
cies (Agrawal 2000, Anderson & Frank 2003). In our
field experiment, we found a trend for higher repro-
ductive output in the presence of snails compared
with when snails were absent in 7 of the 12 variables
measured (Fig. 5). This finding may indicate that
Spartina shifted their allocation from vegetative
(asexual) reproduction to sexual reproduction in the
presence of snails. If so, snail presence could con-
tribute to the high genetic diversity observed in
Spartina populations (Richards et al. 2004) by pro-
moting sexual reproduction.

Plants are able to resist herbivory by numerous
mechanisms (Lucas et al. 2000, Anderson & Frank
2003, Hanley et al. 2007). For instance, plant struc-
ture (toughness and thickness) has been shown to
defend reproductive tissue of specific kelps from con-
sumption (Steinberg 1984, Pansch et al. 2008). As
illustrated in our rigidity experiments, plant structure
also differs between vegetative and reproductive
Spar tina: reproductive stems are more rigid than
vegetative stems. This rigidity may translate into
toughness, as previous work has shown Spartina leaf
sheaths are tougher than the blades (Graca et al.
2000), and toughness reduces the palatability or
digestibility of plant material (Pennings et al. 1998,
Hanley et al. 2007) and therefore inhibits consump-
tion. Reproductive Spartina stems also have less leaf
biomass compared with vegetative stems, reducing
the preferred resource for Littoraria to farm fungus
(Silliman & Newell 2003). In addition, the timing of
Spartina reproduction and its co-occurrence with
decreased Littoraria foraging activity may reduce
snail impacts on reproductive success: although Lit-
toraria is present within Spartina patches all year

long, their activity and foraging decrease in the late
fall and winter (Vaughn & Fisher 1992) and it is dur-
ing this time that Spartina flowering peaks (Fig. 4).
Thus, both the structure of reproductive stems and
the timing of their production may limit snail con-
sumption and thus Littoraria’s negative impacts on
Spartina’s success.

This study highlights the context dependency of
consumer effects (Harley 2003, Sanford et al. 2003,
Pennings & Silliman 2005, Kimbro 2012) as well as
the importance of consumer behavior (Bolnick et al.
2003). Snails can have strong, negative effects on
marsh systems (Silliman et al. 2005, Silliman & Zie-
man 2001), yet recent studies have demonstrated that
both the strength and direction of these interactions
can vary depending on both the physical and biolog-
ical context (Hughes 2012, Kimbro 2012). Although
variable, these interactions are not necessarily
unpredictable: the effects of marsh plant diversity on
consumer control are consistent with studies from a
broad array of systems showing that prey (in this
case, plant) diversity generally dampens consumer
control (Edwards et al. 2010). Identifying the factors
that influence the strength of consumer control will
not only increase our understanding of these interac-
tions, but it will also enhance our ability to conserve
these valuable ecosystems.
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