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Abstract Herbivore damage and impact on plants often
varies spatially across environmental gradients. Al-
though such variation has been hypothesized to influence
plant distribution, few quantitative evaluations exist. In
this study | evaluated patterns of insect herbivory on an
annual forb, Atriplex patula var. hastata, across a salt
marsh tidal gradient, and performed experiments to ex-
amine potential causes and consequences of variation in
herbivory. Damage to plants was generally twice as great
at mid-tidal elevations, which are more frequently inun-
dated, than at higher, less stressful, elevations at five of
six surveyed sites. Field herbivore assays and herbivore
preference experiments eliminated the hypothesis that
plant damage was mediated by herbivore response to dif-
ferences in host plants across the gradient. Alternately,
greater herbivore densities in the mid-marsh, where den-
sities of an alternate host plant (Salicornia europaea)
were high, were associated with greater levels of herbi-
vory on Atriplex, suggesting spillover effects. The effect
of insect herbivores on host plant performance varied be-
tween the two sites studied more intensively. Where
overall herbivore damage to plants was low, herbivory
had no detectable effect on plant survival or seed pro-
duction, and plant performance did not significantly dif-
fer between zones. However, where herbivore damage
was high, herbivores dramatically reduced both plant
survival (>50%) and fruit production (40-70%), and
their effects were stronger in the harsher mid-marsh than
the high marsh. Thus herbivores likely play a role in
maintaining lower Atriplex densities in mid-marsh.
Overall, these results suggest that variation in herbivore
pressure can be an important determinant of patterns of
plant abundance across environmental gradients.
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Introduction

Abiotic environmental factors have long been recognized
to play an important role in mediating the relative impor-
tance and intensity of species interactions (Connell 1975;
Menge and Sutherland 1987; Menge and Olson 1990;
Dunson and Travis 1991). Thus, unraveling the nature of
the complex interplay between biotic and abiotic pro-
cesses is likely key to predicting patterns of organism
distribution in ecological communities (Louda 1982;
Smith 1987; Louda and Rodman 1996). In plant-insect
systems, environmental modulation of interactions has
been postulated to occur both indirectly, via effects on
host plants, and through direct effects of abiotic factors
on herbivore populations. It is well documented that un-
derlying abiotic environmental factors can influence
plant characteristics, which can subsequently impact in-
sect herbivores. Some studies suggest that insect herbi-
vores respond to improved plant quality, resulting from
increases in nitrogen availability (White 1984) or de-
creases in plant defensive compounds (Rhoades 1979,
1983), when host plants are stressed. If so, the predicted
result is increased herbivore impact on host plants under
more stressful conditions. This prediction is supported
by a number of studies that demonstrate a positive rela-
tionship between insect feeding damage to plants and
various environmental stresses (Lewis 1984; Waring and
Pitman 1985; Mattson and Haack 1987; Louda et al.
1987; Louda and Collinge 1992). However, more vigor-
ous plants, presumably growing under more benign envi-
ronmental conditions, can experience higher levels of
herbivore pressure than stressed individuals under some
circumstances (Price 1991). In either case, it is clear that
abiotic factors can influence plant suitability and subse-
guent herbivory. Alternately, environmental factors may
directly impact herbivore abundance thereby influencing
levels of herbivory. Differences in insect abundance have
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been found to be important determinants of patterns of
herbivory across sun-shade habitat boundaries (Collinge
and Louda 1988; Louda and Rodman 1996) and along
elevational gradients (Reynolds and Crossley 1997).
Without careful study, it is often difficult to separate
herbivore responses to environmentally induced differ-
ences in plant characteristics from direct responses of
herbivores to the environmental conditions themselves
(Larsson 1989; Jones and Coleman 1991).

Patterns of differential herbivore damage to plants
across regional to local environmental gradients, as well
as across smaller-scale habitat discontinuities, have been
documented in severa terrestrial environments (Louda
1989; Smith 1987; Louda et al. 1990; Osborne and Smith
1990). Thus, individual plants may experience very dif-
ferent levels of herbivore pressure across the range of
abiotic conditions in which the species naturally occurs.
Since herbivores can have important effects on critical
demographic parameters such as survival and reproduc-
tion (Harper 1969; Louda et al. 1990; Louda and Potvin
1995; Crawley 1997), spatial variation in herbivory
could influence patterns of plant distribution or abun-
dance across adjacent habitat types (Harper 1969, 1977,
Louda 1989; Louda and Rodman 1996). In fact, the
available evidence suggests that herbivores can have im-
portant, spatially explicit, effects along gradients in ele-
vation, soil moisture and light (Louda 1982, 1983; Louda
and Rodman 1996). However, studies that examine how
variation in insect herbivory across environmental gradi-
ents influences patterns of plant survival and reproduc-
tion remain relatively rare. Thus, we have few data with
which to evaluate the general importance of differential
insect herbivory as a potential mechanism determining
plant distribution patterns.

In this study, | quantified patterns of insect herbivory
on an annual forb, Atriplex patula var. hastata L., across
a salt marsh tidal gradient and investigated the potential
causes and consequences of the observed variation. In
New England salt marshes, environmental conditions for
plant growth are generally harshest at low and mid-
marsh tidal elevations where frequent flooding results in
high soil salinity and low soil oxygen availability
(Bertness and Ellison 1987). A number of salt marsh
plants, including Atriplex, are restricted to the mid
and upper marsh zones due to their intolerance of the
harsh physiological conditions in the low marsh zones
(Bertness 1991; Hacker and Bertness 1999; Rand 2000).
Within its physiological range, densities of Atriplex are
highest towards the upper, terrestrial, border of the
marsh where growing conditions are least harsh (Rand
2000). In other salt marsh systems, previous studies have
demonstrated that salt marsh herbivores respond to
changes in plant characteristics across tidal gradients
(Hemminga and Soelen 1988; Hacker and Bertness
1995; Bowdish and Stiling 1998). Consequently, given
the existence of a strong environmental gradient in New
England salt marshes and evidence that Atriplex perfor-
mance varies across this gradient, | predicted that herbi-
vore pressure and impact on plants would vary across

zones and thus play arole in generating patterns of plant
distribution across the marsh. To evaluate this hypothe-
sis, | addressed the following questions: (1) Does the ex-
tent of herbivore damage to Atriplex differ between two
adjacent salt marsh zones that differ in abiotic environ-
mental conditions? (2) Does the pattern of use reflect ei-
ther herbivore response to differences in host-plant char-
acteristics or differences in herbivore density? (3) Does
insect damage to plants influence plant survival and re-
production and, if so, does this effect vary across zones?

Materials and methods

Study system

The study was carried out at sites within six salt marshes in
Narragansett Bay, Rhode Island, USA from 1997 to 1999.
Narragansett Bay has semi-diurnal tides and a tidal amplitude of
0.8-2.0 m. All sites are typical southern New England salt marsh-
es characterized by a dense cover of grasses and rushes that form
distinct zones across the elevation gradient (Niering and Warren
1980). The lower marsh is dominated by Spartina alterniflora
Loisel., which is replaced by Spartina patens (Aiton) Muhl., and
then Juncus gerardi Loisel. towards the terrestrial border of the
marsh. The upland border is dominated by Iva frutescens L. All
species will subsequently be referred to by their generic names,
with the exception of the Spartina species. Each marsh zone spans
approximately 10-15 cm in tidal elevation, leading to differences
in flooding frequencies from an average of 18 days per month in
the S patens zone to less than 1 day per month in the high marsh
(Hacker and Bertness 1999).

Atriplexis largely restricted to the mid (Juncus) and high (lva)
zones, since it is intolerant of harsh physical conditions in the low
marsh (Hacker and Bertness 1999; Rand 2000). Atriplex is fed up-
on by a chrysomelid beetle, Erynephala maritima (Lec.), which
specializes on salt marsh plants in the Chenopodiaceae (Blake
1936). Erynephala is by far the most important herbivore on
Atriplex in this system, and it makes characteristic oval grazing
marks that are easily distinguished from those of other herbivores
(personal observation). Both larval and adult stages feed on
Atriplex as well as on Salicornia europaea L., another annual forb
found predominantly at low marsh elevations (Ellison 1987).
Adults overwinter and lay eggs in the early spring. Larvae hatch
and begin feeding on seedlings in mid-May, and adults feed on
plants through the end of September (personal observation).

Survey of herbivore damage across zones

To determine whether herbivore damage to Atriplex plants varied
systematically across adjacent salt marsh zones, beetle damage
was censused in the mid (Juncus) and high (lva) zones at six study
sites, at 2-week intervals from mid-June to the mid-August 1999.
Study sites included three mainland salt marshes (Rumstick Cove,
Hundred Acre Cove, and Sapowet) and three sites on Prudence Is-
land (Coggeshall Cove, Providence Point, and Nag Creek). Thirty
randomly selected Atriplex plants were tagged along 500 m of
shoreline in each zone at each site, and the number of |eaves that
was damaged or undamaged by Erynephala was counted on each
plant on each census date.

Plant palatability and herbivore abundance

Variation in herbivore pressure across zones could reflect either
herbivore response to differences in plant characteristics or differ-
ences in herbivore density. Field assays of herbivore feeding pres-
sure and laboratory tests of herbivore feeding preference were



done to evaluate the influence of differences in plant palatability
on insect feeding. In addition, | performed surveys of insect occur-
rence to determine whether herbivore densities varied across
Zones.

Field herbivory assays

To assess herbivore feeding pressure across zones, in the absence
of potential differences in plant characteristics related to growth
under different environmental conditions, | used greenhouse-
grown plants transferred to the field for short-term assays. Atriplex
individuals were grown from seed in the greenhouse in Metromix
potting medium in pine-cells (plastic planting cones 5 cm diameter
by 20 cm depth) until the 10-12 leaf stage. Plants were placed into
the mid (Juncus) and upper (lva) zones at Rumstick Cove and Nag
Creek (n=10 plants / zone / site), by removing a plug of marsh
peat and inserting the entire pine-cell into the soil until it was
flush with the substrate surface. Assay plants were left in place for
1-week intervals in the beginning of June and in the last week of
July 1997. They were then collected and the number of damaged
and undamaged |eaves per plant was determined. The lack of tidal
flooding during the short duration of each assay, and the con-
trolled soil conditions within the pine-cells, likely minimized envi-
ronmental stress effects on host plant traits across zones in this
test.

Herbivore preference experiments

Feeding trials were conducted twice during the growing season to
test whether herbivores had a preference among plants from the
different zones. Larvae were tested on 9 July and 18 August and
adult beetles on 26 July and 28 August 1997. On the day of each
feeding trial, Atriplex plants were collected from the mid (Juncus)
and high (Iva) zones from two sites, Coggeshall Cove and Nag
Creek. Plants were brought back to the laboratory and one, ran-
domly selected, undamaged leaf was removed from each plant.
Leaves from plants collected in the Juncus and Iva zones were
paired by size (leaf length) and placed into plastic petri dishes
(8 cm diameter). Larvae and adult beetles were collected from
patches of the alternate host, Salicornia, at each site on the same
day as plants were collected. A single beetle was placed equidis-
tant from each leaf within each petri dish and allowed to feed for
8 h. This feeding interval was chosen to give the herbivores time
to select plants and consume measurable amounts of tissue, with-
out depleting resources (the area consumed was generaly less
than 50% of any leaf). The area consumed was measured on each
leaf using amillimeter grid. Thirty replicates were run during each
trial, except for adult trials in August, which were limited to 15
replicates because adult beetles were rare in the field on this date.

Sampling plant and herbivore densities across zones

To determine whether herbivore abundance varied across zones,
and how this was related to host plant density, surveys of plant and
insect densities were conducted during peak herbivore activity
(mid-summer) at Providence Point and Nag Creek on 15 July
1999. At each site, the total number of host plants (Atriplex and
Salicornia) as well as beetle larvae and egg clusters were counted
in randomly placed 0.25 m? quadrats in the low (S. patens), mid
(Juncus) and high (Iva) zones (n=80 quadrats / zone/ site). Insects
were counted by visually searching both host plant species, as well
as surrounding vegetation and the substrate surface, for larvae and
adults within each 0.25 m? quadrat. Similarly egg clusters, which
are laid on the tips of the blades of dominant grasses and rushes,
were counted within quadrats.
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Herbivore exclusion experiment

An herbivore exclusion experiment was carried out in the field to
examine the effect of herbivores on plant survival and seed pro-
duction across zones. Atriplex seedlings, collected from natural
populations in May, were brought to the greenhouse at Brown
University and watered with tap water for 3 days to reduce subse-
quent transplant shock. These seedlings were transplanted into
randomly located plots along 200 m of shoreline in both the mid
(Juncus) and high (Iva) zones at Rumstick Cove and Nag Creek in
the middle of May 1997. Plants that died during the first week
were replaced. Each seedling was randomly assigned to one of
three experimental treatments (n=40 plants / treatment / zone /
site): (1) insecticide spray (Safer Insecticidal Soap), (2) water
spray (procedural control), and (3) no spray (unmanipulated con-
trol). Treated plants were sprayed with 2-3 ml of water or insecti-
cide solution weekly. The total number of leaves, number of
leaves damaged by the beetles, and plant survival were monitored
every 2 weeks throughout the growing season (May through early
September). At the end of the growing season, surviving plants
were harvested. Flowers and fruits were counted and pooled to es-
timate fruit number. Individuals of this annual plant that did not
survive to reproductive maturity were scored as producing zero
fruits. Each Atriplex flower produces a single fruit consisting of
two fleshy bracts surrounding a single seed. Thus, my measure of
reproductive output is an estimate of the mean seed production per
seedling transplanted in each treatment-by-zone combination.

Prior to the initiation of the field experiment, a greenhouse
study was carried out to evaluate potential phytotoxic or enhanc-
ing effects of the insecticide on plant growth. Seeds were germi-
nated in the greenhouse and seedlings (6-8 true leaves) were
transplanted into plastic pine cells on 25 March 1997. Plants were
watered daily and fertilized with a 20:40:20 NPK solution once
every 2 weeks. Seedlings were randomly assigned to one of three
treatments (n=20 seedlings / treatment) which were imposed on a
weekly basis: (1) insecticide spray (Safer Insecticidal Soap), (2)
water spray, and (3) no spray. Treated plants were sprayed with
2-3 ml of insecticide solution or water weekly. Plants were moved
to randomly assigned new positions after spraying. Plants were
harvested on 28 June, placed in adrying oven at 55°C for 1 week,
and then weighed. Since this species sets seed erratically in a
greenhouse environment, final biomass rather than seed produc-
tion was used as a measure of plant performance.

Statistical analyses

Statistical analyses were carried out using JMP version 3.1 (SAS
1995). Data were transformed where necessary to meet assump-
tions of analysis of variance. All count data were In (n+1) trans-
formed and proportions were arcsine sgquare root transformed.

Patterns of herbivore pressure between sites were analyzed us-
ing a type Ill two-way ANOVA, with site (random factor) and
zone (fixed factor) as predictor variables. Post hoc contrast state-
ments were used to compare least squares means between zones
within each site. These tests were Bonferroni adjusted.

Larval and adult beetle preferences among leaves from plants
collected from the high (Iva) or mid (Juncus) zones in feeding tri-
als were examined using paired t-tests. Damage to plants placed
across zones in each short-term field assay of herbivory was com-
pared using a type Ill, two-way ANOVA, with site (random) and
zone (fixed) as factors in the model. Analyses were conducted
separately for each sampling date. Post hoc contrasts were used to
compare least squares means between zones within each site.
Numbers of herbivores and egg clusters within quadrats across the
three marsh zones were converted to presence or absence per
quadrat, due to the high frequency of zero values. Logistic regres-
sion analysis was used to test the null hypothesis that herbivore
distribution (frequency of occurrence) was constant across zones.
Where this analysis was significant, frequency of occurrence was
compared between all zones (three comparisons using a chi-square
analysis), and significance levels were Bonferroni adjusted to con-
trol for multiple tests.
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Since herbivory was amost absent at Rumstick Cove in the
year of the insecticide experiment, the two study sites were ana-
lyzed separately. Measurements of leaf damage and fruit number
were analyzed using a two-way ANOVA for each site, with zone
and insecticide treatment as factors in the model. The distribution
of fruit number at Nag Creek was severely non-normal due to nu-
merous zero values. Thus data were analyzed separately for each
zone using a non-parametric median test, recommended for the
sigmoidal distribution that was observed (SAS 1995). Cross-zonal
comparisons were also made using a median test. Survivorship
was analyzed using alogistic regression model on final data. Mod-
elswere run for each site separately.

Results
Herbivore damage across zones
Percent leaf damage by beetles was consistently higher

in the mid (Juncus) zone than the high (lva) zone
throughout the censusing interval when pooled across
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Fig. 1 A Herbivore damage to Atriplex across zones in mid-June
through mid-August 1999. Each point represents a group mean
+1 SE, for each zone, across the six sites surveyed at each sam-
pling date beginning on 15 June. B Herbivore damage to Atriplex
across the mid (Juncus) and high (Iva) zones measured at the same
six sites in mid-July. Bars represent means +1 SE (n=30 plants /
zone/ site). *P<0.05

sites (Fig. 1 A). Differences in leaf damage across zones
were analyzed for the second July census date (July 14
and 15), when herbivore damage was at its peak and be-
fore significant plant mortality in August. Damage to
plants was significantly greater in the Juncus than Iva
zones at all sites except one, where the trend was consis-
tent with the pattern (main effect of Zone: F; ;=25.859,
P=0.01; Fig. 1B). However, the magnitude of the differ-
ence varied between sites as indicated by a significant
site by zone interaction (SitexZone: Fg 35=3.981,
P=0.001). The level of herbivore pressure also varied be-
tween sites; at some sites percent leaf damage in the
Juncus zone exceeded 70% compared to less than 5% at
others (Site: F5 3,5=22.861, P=0.001; Fig. 1B).

Plant palatability and herbivore abundance

Damage to transplanted plants in the short-term field as-
says of herbivory was higher in the mid (Juncus) than
the high (Iva) zone, except early at one site where over-
all damage was very low (Fig. 2). Early in the season
(June assays), herbivore damage to plants was signifi-
cantly greater in the mid (Juncus) zone than the high
(Iva) zone at Nag Creek while ailmost no herbivory oc-
curred at Rumstick Cove, leading to a significant site by
zone interaction term (Table 1). Percent leaf damage to
plants at Rumstick Cove was very low, less than 5%
across both zones, compared with Nag Creek where per-
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Fig. 2 Herbivore damage to greenhouse grown plants placed into
the mid (Juncus) and high (Iva) zones for asinge week in June
and July 1997. Bars represent means +1 SE (n=10 plants/ zone /
site/ month). Significance levels of post hoc contrasts for each
between zone comparison are shown above bars. * P<0.05,
**P<0.01, ***P<0.001
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two-way ANOVAS examining June July
the effects of marsh zone [mid
(Juncus) versus high (Iva)] on Source df MS F df MS F
percent leaf damage to green-
house grown plantsplaced into  Site (S 1 5.561 72.263*** 1 0.323 3.524
the marsh for oneweek at two ~ Zone (2) 1 1.352 0.834 1 1.585 204.593*
sitesin June and July 1997 SxXZ 1 1.622 21.07*** 1 0.008 0.084
(n=10 plants/zone/site/month) Error 34 0.077 31 0.092
*P<0.05, **P<0.01, ***P<0.001
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proached 80% in the Juncus zone. By late July damage zone zone zone
to plants was significantly higher in the Juncus zone than ) .
Tidal Elevation

the Iva zone at both sites, and damage levels did not vary
significantly across sites (Fig. 2, Table 1).

In feeding preference experiments, the leaf area con-
sumed by larvae did not significantly differ with zone of
plant origin in either July or August (Fig. 3). Adult bee-
tles consumed nearly twice as much leaf tissue on plants
collected from the Iva zone in July, but there was no sig-
nificant differencein August (Fig. 3).

Only two adult beetles were encountered during her-
bivore density surveys, thus analysis was not carried out
for this life history stage. The frequency of occurrence of
both larvae and egg clustersin 0.25 m2 quadrats was sig-
nificantly greater in the low (S. patens) and mid (Juncus)
zones than at higher tidal elevations in the Iva zone (Lo-
gistic regression for larvae: Site x2=0.608 with P =0.435,
Zone x2=15.105 with P=0.0005, an SitexZone x2=0.193

Fig.4 A Distribution of beetle egg clusters and larvae across
zones in July 1999. Bars represent frequency of occurrence mea-
sured on all vegetation in 0.25 m2 quadrats across two sites (n=80
quadrats/ zone/ site). Bars with different letters differ significant-
ly (x2, P< 0.05). B Distribution of host plants across marsh zones.
Bars represent the mean +1 SE number of plants per 0.25 m?2
quadrat across two sites (n=80 quadrats / zone/ site)

with P=0.908; Logistic regression for egg clusters. Site
¥2=1.307 with P=0.242, Zone x2=23.918 with P=0.0001,
and SitexZone x2=0.854 with P=0.653; Fig. 4 A). The
majority of the larvae (86%) were found on Salicornia.
Despite overall low densities of larvae on Atriplex, lar-
vae were found on a greater percentage of the plants
growing in the Juncus zone (14.3%) than the lva zone
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Fig. 5 A Herbivore damage to
Atriplex plants across zones
and insecticide treatmentsin
the herbivore exclusion experi-
ment at the time of peak dam-
agein July 1997. Barsrepres-
ent untransformed means

+1 SE (n=40 plants/ zone/
treatment / site). B Mean num-
ber (+1 SE) of fruits produced
per seedling transplant across
zones and insecticide treat-
ments in the herbivore exclu-
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Table 2 Summary of results of
two-way ANOVAS examining

Herbivore damage

Fruit number

effects of zone [mid (Juncus)

versus high (Iva)] and insecti- ~ Source df

MS F df MS F

cide treatment on percent leaf
damage by herbivores and fruit
production at Nag Creek and at
Rumstick Cove. [~ analysis not
performed due to non-normal
distribution of data (see Materi-

Nag Creek
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Treatment

Zone x Treatment
Error

1117
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0.042
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als and methods)] Rumstick Cove
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0.232
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(2.5%). Patterns of host plant abundance varied dramati-
cally across these same zones (Fig. 4B). Salicornia, an
aternate host plant for the beetle, was over ten times as
abundant as Atriplex overall, and its abundance peaked
in the mid (Juncus) and low (S. patens) zones. Atriplex
displayed the opposite pattern, with its highest densities
in the upper Iva zone, and no individuals found in the
low (S. patens) zone.

Herbivore exclusion

Results from the greenhouse study revealed that in the
absence of herbivores, insecticide did not affect plant
performance. There was no significant effect of treat-
ment (sprayed with insecticide, sprayed with water, or
controls) on final biomass (one-way ANOVA: F, 5,=1.89,

P=0.12) or the proportion of individuas flowering
(x2=0.62, P=0.74).

In the field, no signifiant differences were found be-
tween unmanipulated control and procedural control
(water) treatments in percent leaf damage (t=1.24,
P=0.22), fruit number (t=0.88, P=0.38) or plant surviv-
al (x2=0.059, P=0.97). Hence, only water and insecti-
cide treatments were compared in subsequent analyses.
Neither treatment nor zone significantly affected herbi-
vore damage to plants at Rumstick Cove, where herbi-
vore pressure was always low, less than 10% (Fig. 5 A,
Table 2). In contrast, percent leaf damage at Nag Creek
was relatively high, exceeding 40%, in water treatments
in both zones. Spraying plants with insecticide at this
site significantly reduced levels of herbivore damage,
by more than 75% (Fig. 5A, Table 2). Damage to
Atriplex plants in the mid (Juncus) zone was signifi-
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Fig. 6 Atriplex survival through time (beginning with the initia-
tion of treatments on 17 June) across zones and insecticide treat-
ments in the herbivore exclusion experiment

cantly greater than in the high (lva) zone (Fig. 5A, Ta-
ble 2).

Fruit production at Rumstick Cove, where herbivore
pressure was low, did not significantly differ between
treatments or zones, athough there were trends toward
lower production in the presence of herbivores and in the
lower Juncus zone compared to the higher Iva zone
(Fig. 5B, Table 2). Overal fruit production at Nag Creek
tended to be lower in the Juncus zone (Z=1.791,
P=0.073), and the impact of herbivores on seed produc-
tion was zone-specific at this site. Herbivores signifi-
cantly reduced the number of fruits in the Juncus zone
by over 70% (Fig. 5B). The same trend was observed in
the Iva zone but this was not significant (Fig. 5B).

Plant survival was markedly higher at Rumstick
Cove, where herbivory was low, than at Nag Creek
(Fig. 6). Plant survival at Rumstick Cove did not differ
across herbivore treatments or zones (Table 3). In con-
trast at Nag Creek, where herbivory was higher, survival
was significantly (more than 50%) greater when herbi-
vores were excluded, and again, there was no significant
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Table 3 Summary of results of logistic regression models examin-
ing effects of zone [mid (Juncus) versus high (Iva)] and insecti-
cide treatment on the proportion of plants surviving to the end of
the growing season at Nag Creek and at Rumstick Cove

Source df X2 P

Nag Creek

Zone 1 1.509 0.2194
Treat 1 23.820 0.0001
Zone x Treatment 1 0.095 0.7580
Rumstick Cove

Zone 1 0.269 0.6043
Treatment 1 0.736 0.3909
Zone x Treatment 1 1.502 0.2204

effect of zone on survival (Fig. 6, Table 3). The overall
effect of herbivores on survival did not significantly vary
across zones, athough there was a trend toward a greater
effect in the mid (Juncus) than the high (Iva) zone
(Fig. 6, Table 3).

Discussion
Patterns and potential causes of variation in herbivory

Herbivore damage to plants varied among sites and be-
tween salt marsh zones. Despite variation in the level of
herbivore pressure, damage to plants was significantly
greater in the mid-marsh (Juncus) zone than in the high-
marsh (lva) zone at five of the six surveyed sites, and the
pattern was consistent at the sixth site. This strong zonal
pattern in herbivore pressure was also consistent through
time (Fig. 1). Interestingly, results from both the field
herbivore assays and |aboratory herbivore preference ex-
periments strongly suggest that differences in host plant
palatability were not responsible for generating the ob-
served differences in herbivore damage across zones.
Similar, greenhouse-grown, plants placed into the marsh
for single week assays experienced the same patterns of
damage as naturally occurring plants within each zone.
Therefore even when plant quality was homogenized,
herbivore damage was greater in the mid (Juncus) por-
tion of the tidal gradient than in the upper (Iva) portion.
Furthermore, neither larvae nor adult beetles showed a
preference for leaves collected from the Juncus zone
over the lva zone either early or late in the growing sea-
son, and the opposite pattern was observed in one adult
trial. Thus, spatial patterns of herbivore damage cannot
be explained by environmentally driven differences in
host plant palatability in this study. This contrasts with
results of many earlier studies (Louda et al. 1987;
Collinge and Louda 1988; Louda and Collinge 1992;
Cobb et al. 1997).

Alternately, surveys of herbivore abundance demon-
strated that the frequency of occurrence of larvae in
0.25 m2 quadrats was more than five times higher in the
low (S. patens) and mid (Juncus) zones than in the high-
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er (Iva) zone (Fig. 4). A similar pattern was observed in
the frequency of occurrence of egg clusters across this
same gradient. While the majority of the larvae were
found on Salicornia, larvae are quite mobile and fre-
guently move between plants (persona observation).
Furthermore, previous studies have demonstrated that
Atriplex experiences much higher rates of herbivore
damage when growing in association with Salicornia
than in its absence (Rand 1999). Thus the increased
abundance of herbivores at lower tidal levels most likely
results in a spillover effect generating the observed pat-
terns of increased larval occurrence on, and greater dam-
age to, Atriplex in areas of high Salicornia density. Such
associational susceptibility, or associational damage, has
been found to be an important determinant of herbivore
pressure in other plant-insect systems (Thomas 1986;
Karban 1997; White and Whitham 2000), and is likely a
major factor underlying the observed pattern of differen-
tial plant damage across zones in this study. However, a
direct test of this hypothesis would require large-scale
removal of Salicornia from the lower marsh. Finaly, al-
though differences in herbivore densities could them-
selves reflect the attraction of mobile herbivores to
stressed plants in a given portion of the gradient, the lack
of an herbivore preference for plant tissue from the more
stressful marsh zone indicates that thisis unlikely.

Although determining the factors underlying differ-
ences in insect abundance across the marsh was beyond
the scope of the study, such differences could reflect di-
rect responses of herbivores to the abiotic environment,
variation in rates of predation across the gradient, or dif-
ferencesin overall resource availability. The most plausi-
ble explanation in this case is resource availability, that
herbivore densities reflect the total abundance of host
plants. Total host plant density is highest in the low (S
patens) and mid (Juncus) zones because of the presence
of Salicornia, which is more than 10 times as abundant
as Atriplex (Fig. 4B). Herbivorous insects are commonly
found to be more abundant in areas of high host plant
density (Root 1972; Kareiva 1983; Bach 1994). Thus, it
is likely that high absolute densities of plant resources,
driven by the presence of Salicornia, maintain herbi-
vores at greater densities in the low marsh, leading to in-
creased use of Atriplex there. The influence of changes
in vegetation composition along gradients, particularly
densities of alternative host plants, as a potential mecha-
nism generating variation in herbivore abundance/pres-
sure has rarely been examined (but see Parker and Root
1981). These results suggest that it warrants more atten-
tion.

Variation in herbivore abundance or damage across
tidal or salinity gradients has been observed in insect-
plant assemblages in other salt marsh studies (Foster
1984; Hemminga and Soelen 1988, 1992; Hacker and
Bertness 1995; Bowdish and Stiling 1998) and insects
and crabs in mangrove studies (Smith 1987; Ellison and
Farnsworth 1993; Sousa and Mitchell 1999; Osborne and
Smith 1990). In some of these studies herbivore abun-
dance or plant damage was found to be highest in the

more stressful portion of the gradient for plant growth
(Ellison and Farnsworth 1993; Hacker and Bertness
1995), as in the present study. However, in other cases
the opposite pattern was observed (Hemminga and
Soelen 1988). The lack of a consistent pattern likely re-
flects both the complexity of most ecological gradients,
with multiple factors varying in tandem, and the fact that
“stress’ affects species to different degrees depending on
their unique biological tolerances. Furthermore, the rela-
tionship between stress and herbivory can result from
several different underlying direct or indirect mecha
nisms. First, two of the above studies invoked plant qual-
ity as a potentially important factor driving insect distri-
bution patterns across stress gradients. In one case in-
sects were found to respond negatively to salinity-in-
duced changes in their hosts (Hemminga and Soelen
1988), while in another case nitrogen availability was
found to be more important than salt stress in determin-
ing insect densities on host plants (Bowdish and Stiling
1998). Second, herbivores may directly respond to the
underlying environmental conditions, such as in some
mangrove systems where crab seed predators prefer [ow-
er to higher tidal elevations (Sousa and Mitchell 1999).
Third, herbivore densities may also reflect changes in
predation pressure on them across gradients (Hacker and
Bertness 1995). Finally, this study suggests that changes
in host plant composition may influence patterns of her-
bivore density and impact across environmental gradi-
ents. Thus, ecological complexity may preclude the de-
velopment of a comprehensive predictive framework re-
lating environmental stress and herbivory.

Effects of herbivores on host-plant performance

Differences in herbivore pressure between adjacent habi-
tats or across gradients, such as those observed in this
study, have the potential to influence patterns of host
plant distribution and abundance if herbivores signifi-
cantly impact key plant demographic parameters (Harper
1969; Louda 1982, 1983; Louda and Rodman 1996).
Herbivore damage to plants in the insect exclusion ex-
periment varied between the two experimental sites.
These two sites represent extremes along the continuum
of herbivore damage observed in the multi-site survey of
naturally occurring plants (Figs. 1, 5A). Transplants at
Rumstick Cove experienced damage similar to the low-
est levels observed in the multi-site survey (<10% of
leaves damaged), whereas plants at Nag Creek experi-
enced damage levels similar to the more highly impacted
sites (>60% of leaves damaged in the mid (Juncus) zone
and >40% in the high (Iva) zone). At Rumstick Cove,
where insect damage was low, herbivores did not affect
plant survival or reproductive output, and there were no
differences in herbivore pressure across zones. In con-
trast at Nag Creek, where damage to plants was high,
herbivory was significantly higher in the mid (Juncus)
than the high (Iva) zone. Yet the magnitude of the differ-
ence in herbivore pressure between zones at Nag Creek



was lower than at most of the survey sites, where dam-
age tended to be at least 50% lower in the Juncus zone
than the lva zone (Fig. 1B). Thus the differential effect
of herbivores on plant performance across zones is likely
often stronger than that observed in the herbivore exclu-
sion experiment.

Clearly herbivorous leaf feeding beetles can have a
large influence on host plant densities when herbivore
abundance is high. Overall, herbivores dramatically re-
duced Atriplex survival at Nag Creek, by over 70% in
the mid (Juncus) zone and just less than 50% in the high
(Iva) zone. Patterns of plant survival were influenced
much more by the effects of herbivores than differences
in environmental conditions between marsh zones
(Fig. 6). However, overall, abiotic stress likely contribut-
ed to Atriplex mortality as survival was relatively low
even in the absence of herbivores.

Herbivores al'so reduced seed production by Atriplex
in the mid (Juncus) zone at Nag Creek. Fruit number
there was 66% lower than it would have been in the ab-
sence of herbivores (Fig. 5). When herbivores were ex-
cluded, fruit production in the Juncus zone increased to
levels similar to those found higher in the marsh in the
Iva zone, where it did not significantly differ between
treatments. Atriplex is an annual plant without a substan-
tial seed bank, and its seedling recruitment has been
shown to be seed limited (Rand 2000). Therefore, reduc-
tions in seed production in a given year, resulting from
the influence of insect herbivores on either plant survival
or reproductive output, will reduce seedling recruitment
the following year. Thus, herbivores likely limit Atriplex
population densities at the lower portion of its range.

The effect of herbivores varied between the two in-
tensively studied sites, as is commonly observed in stud-
ies of insect herbivory (Huntly 1991; Bach 1994; Bevill
et a. 1999). However, populations of beetles at Rum-
stick Cove have been observed to reach high densities
every 2-3 years (personal observation). Furthermore, the
levels of herbivore damage documented in the experi-
ment at Nag Creek, where herbivores dramatically im-
pacted plant survival and reproductive output, were simi-
lar to those found at the majority of sitesin the survey of
herbivore damage in 1999 (Figs. 1, 5A). Thus, cumula-
tively the data suggest that levels of herbivore damage
are commonly high enough to have a major impact on
plant survival and seed production. The large impact of
beetle herbivores on Atriplex survival, coupled with the
consistent pattern of differential damage to plants across
zones, suggest that herbivores may be an important fac-
tor contributing to the differential abundance of Atriplex
across zones in salt marsh habitats. These results rein-
force those of other studies that suggest that consumers
can be important determinants of plant distribution and
abundance across environmental gradients (Louda 1982,
1983, 1989; Smith 1987; Louda and Rodman 1996). This
study further lends support to the accumulating evidence
that herbivores can play an important, yet under appreci-
ated, role in salt marsh systems (Pennings and Bertness
2000).
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