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Abstract Multiple disturbances to ecosystems can inXu-
ence community structure by modifying resistance to and
recovery from invasion by non-native species. Predicting
how invasibility responds to multiple anthropogenic
impacts is particularly challenging due to the variety of
potential stressors and complex responses. Using manipula-
tive Weld experiments, we examined the relative impact of
perturbations that primarily change abiotic or biotic factors
to promote invasion in coastal salt marsh plant communi-
ties. SpeciWcally we test the hypotheses that nitrogen
enrichment and human trampling facilitate invasion of
upland weeds into salt marsh, and that the ability of salt
marsh communities to resist and/or recover from invasion
is modiWed by hydrological conditions. Nitrogen enrich-
ment aVected invasion of non-native upland plants at only
one of six sites, and increased aboveground native marsh
biomass at only two sites. Percent cover of native marsh
plants declined with trampling at all sites, but recovered
earlier at tidally Xushed sites than at tidally restricted sites.
Synergistic interactions between trampling and restricting
tidal Xow resulted in signiWcantly higher cover of non-
native upland plants in trampled plots at tidally restricted
sites. Percent cover of non-native plants recovered to

pre-trampling levels in fully tidal sites, but remained higher
in tidally restricted sites after 22 months. Thus, perturbations
that reduce biotic resistance interact with perturbations that
alter abiotic conditions to promote invasion. This suggests
that to eVectively conserve or restore native biodiversity in
altered systems, one must consider impacts of multiple
human disturbances, and the interactions between them.

Keywords Multiple stressor · Synergistic interactions · 
Fluctuating resource hypothesis · Invasion · Resilience

Introduction

Predicting the consequences of human modiWcations in nat-
ural ecosystems is one of the most pressing ecological
issues today. The impacts of many human activities on eco-
logical systems are poorly characterized, and interactions
between multiple anthropogenic disturbances are even less
well understood. Current policies call for ecosystem-based
approaches to managing altered ecosystems, and speciW-
cally urge managers to consider the interactive eVects of
multiple human activities in order to properly manage natural
resources (Christensen et al. 1996; Pew Oceans Commission
2003; U.S. Commission on Ocean Policy 2004).

Human and natural disturbances rarely occur in isolation
and may interact to inXuence community structure and
dynamics in ways not predictable from single-factor studies
because of non-additive eVects (Folt et al. 1999; Lenihan
et al. 1999; Lotze and Worm 2002; Sih et al. 2004). For
example, stressors are considered synergistic when their
combined eVect is greater than predicted from the sizes of
the responses to each stressor alone and antagonistic when
the cumulative impact is less than expected (Folt et al.
1999). From lab experiments, Lotze and Worm (2002)
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suggest that climate change, eutrophication, and food web
alterations have interdependent eVects and may synergisti-
cally enhance the development of macroalgal blooms in
coastal ecosystems. Mesocosm experiments manipulating
disturbances in wet prairie assemblages showed additive
and synergistic eVects of sedimentation, nutrient addition,
and Xooding on invasion rates by a non-native grass
(Kercher and Zedler 2004). While these and other meso-
cosm and laboratory experiments have identiWed potential
additive and synergistic interactions between multiple
human activities, manipulative Weld experiments are neces-
sary to identify cumulative eVects of multiple disturbances,
and to distinguish between single eVects, combined eVects,
and their interactions (Lotze and Worm 2002). Such exper-
iments are scarce, but, for example, Lenihan and Peterson
(1998) showed that Wshery impacts interact with human-
induced hypoxia resulting in increased mortality of oysters
and changes in associated reef communities. In this study
we take an experimental approach to address multiple
human activities and their interactions and how they inXu-
ence an additional potential perturbation, invasion by non-
native species.

Biological invasion by non-native species is one of the
major contributors to local and global loss of indigenous
biodiversity and can impact ecosystem properties and pro-
cesses (Vitousek 1990). Establishment of non-native spe-
cies in novel habitats requires a suitable invasion “window”
(Johnstone 1986), including suitable microsites (Hobbs and
Huenneke 1992), which is determined by both physical
environment (e.g., Moyle and Light 1996; Kuhn and Zedler
1997; Dethier and Hacker 2005) and species interactions
(i.e., biotic resistance through competition) (D’Antonio
1993; Tilman 1997; Davis et al. 2000; Kercher and Zedler
2004; Lake and Leishman 2004). This notion of invasibility
through niche opportunity (Shea and Chesson 2002) has
been summarized by the theory of Xuctuating resource
availability: when resource supply exceeds uptake, either
directly through increased supply or indirectly through
decreased uptake by the resident community, the commu-
nity becomes vulnerable to invasion (Davis et al. 2000;
Davis and Pelsor 2001; Kercher and Zedler 2004). This the-
ory relies on the assumption that invading species require
access to resources, and any factor(s) that increase the
availability of limiting resources will increase the vulnera-
bility of a community to invasion. Predicting the outcome
of multiple anthropogenic impacts relies on an understand-
ing of how human activities interact to aVect resource avail-
ability both through modiWcation of physical conditions
and by aVecting biotic resistance. Using this framework, we
applied an experimental approach to address the interactive
eVects of anthropogenic disturbances that alter resource
availability in coastal salt marsh plant communities on
invasions by non-native plants.

In central California lower elevation salt marsh commu-
nities [0.9–1.6 m above mean lower low water (MLLW)]
are dominated by pickleweed (Sarcocornia paciWca),
which grows as a dense monoculture. At the border
between high marsh (>1.6 m above MLLW) and uplands,
where Xooding occurs only at the highest high tides, less-
abundant halophytic forbs coexist with S. paciWca. These
higher marshes harbor the greatest diversity of plants
(Zedler 1996; Traut 2005) and are particularly sensitive to
disturbances (Zedler 1996; Bertness et al. 2002). We tested
the relative eVect of human activities that primarily modify
biotic resistance (e.g., opening of space via trampling by
human or cattle access) or physical conditions (e.g., hydro-
logical modiWcation and nutrient enrichment) on upper salt
marsh community resistance to invasion. SpeciWcally, we
tested the hypothesis that trampling will aVect plant
community composition by decreasing S. paciWca domi-
nance by opening up space and allowing for invasion of
upland plants. However, we anticipate that because S. paci-
Wca is an eVective competitor for nitrogen (Covin and
Zedler 1988), nutrient enrichment may enhance biomass
and competitive ability of S. paciWca, possibly decreasing
the amount of space available for invaders to occupy and
reducing loss of salt marsh vegetation. Alternatively,
excess nutrients may facilitate non-native plants to more
eVectively colonize open space. In addition, hydrological
manipulations, such as diking to reduce tidal inundation,
may modify the physical and chemical properties of the
microsites opened by trampling. This may alter soil proper-
ties in favor of less salt-tolerant upland plants and reduce
salt marsh vegetation productivity (Zedler et al. 1980;
Gibson et al. 1994), further facilitating the establishment of
invasive species and loss of salt marsh vegetation. We also
examined patterns of recovery from trampling, a pulse dis-
turbance, with the expectation that resilience in response to
one disturbance may be aVected by exposure to other per-
turbations. Our goals in this study were to: (1) compare the
vulnerability of the ecotone plant community to invasion by
non-native species in response to stressors that directly alter
biotic community structure or alter abiotic factors; (2)
determine if perturbations act additively, antagonistically,
or synergistically, and (3) assess the longer-term recovery
of the community to multiple perturbations.

Materials and methods

Site description

Elkhorn Slough, located in the center of Monterey Bay,
California, has one of the largest tracts of coastal salt marsh
in California, with 1,147 ha of salt marsh habitat (CaVrey
et al. 2002) (Fig. 1). By the early 1970s approximately 50%
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of the slough’s marshlands were diked and altered, primar-
ily for agriculture (Browning 1972; Van Dyke and Wasson
2005). Today, Elkhorn Slough is surrounded by agricultural
lands, with 24% of the slough watershed under production
(Phillips et al. 2002). In addition, much of the native vege-
tation in grasslands adjacent to the slough has been
replaced and is now dominated by weedy upland plants
introduced from Europe, Asia, and Africa (Zimmerman and
CaVrey 2002).

We chose six high marsh sites at Elkhorn Slough (Fig. 1)
representing two hydrological regimes: full tidal exchange
and artiWcially restricted tidal exchange (behind water con-
trol structures). The three sites chosen to represent the fully
tidal treatment were characterized by daily tidal inundation.
These sites, like all unrestricted areas of Elkhorn Slough,
have a tidal range virtually identical to that of the adjacent
open coast (approximately 2.5 m maximum). The three
restricted sites have varying levels of tidal exchange but all
of them have less than 20% of the tidal range of the full
tidal exchange sites. The high marsh ecotone to the upland

at restricted sites is virtually never inundated (in contrast to
that of full exchange sites, which are regularly inundated on
high spring tides). All sites were composed of a mostly
homogeneous zone of S. paciWca bounded by standing sea-
water at the seaward edge and by upland vegetation at the
landward limit, and all sites have no cattle and very limited
human access to the marsh which thus minimize confound-
ing eVects of non-experimentally associated trampling.

Dominant non-native upland species were similar at all
sites and include Conium maculatum (poison hemlock),
Carduus pycnocephalus (Italian thistle), Cirsium vulgare
(bull thistle), Brassica rapa/nigra (mustard), Phalaris aqu-
atica (Harding grass), and other upland non-native grasses
(Hordeum marinum, Bromus diandrus, Bromus hordeaceus,
Vulpia myuros). Due to the similarity of non-native upland
communities across our sites and their close proximity, we
assumed that propagule pressure was similar across all
sites. The only native upland plant present in our experi-
mental plots was Baccharis pilularis, a perennial woody
plant that was not present in the plots often enough to
compare across treatments. Native marsh plants other than
Sarcocornia paciWca were patchily distributed in the upper
reaches of the salt marsh and include Jaumea carnosa,
Frankenia salina, Spergularia salina , Distichlis spicata,
and Atriplex californica/triangularis .

Experimental design

We tested the eVects of trampling and nutrient enrichment
on S. paciWca assemblages using a two-way factorial
design. The resultant design consisted of three replicates of
each of four treatments at each site applied once weekly for
3 consecutive months (27 May–28 August 2003): (1) tram-
pled, fertilized; (2) trampled, unfertilized; (3) untrampled,
fertilized; and (4) untrampled, unfertilized (control). Since
size and frequency of disturbance may inXuence plant com-
munity responses (Pickett and White 1985; Hobbs and
Huenneke 1992; Shumway and Bertness 1994) using one
size and frequency prohibits extrapolations to large-area
disturbances and longer-term trends but allows for a high
precision of measurements in a reasonable amount of time.
To determine the interactive eVects of the experimental
treatments and tidal restriction, treatments were applied at
all six sites representing tidally restricted and fully tidal
regimes.

At each site, twelve 0.5-m-wide transects were assigned
haphazardly in the upper marsh, resulting in six pairs of
adjacent transects, each pair separated by at least 6 m. The
transect length at each site varied depending on the area of
salt marsh from 5 to 12 m between the landward marsh
boundary and seaward limit, but average length of transects
did not diVer between tidally restricted and tidally Xushed
areas. The landward end of each transect was marked by a

Fig. 1 Map showing location of Elkhorn Slough in Watsonville,
California and sampling sites. Fully tidal sites (F1, F2, F3) and tidally
restricted sites (R1, R2, R3) are depicted
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Xag at the boundary of the marsh-upland ecotone. We arbi-
trarily deWned this ecotone boundary as the location in the
transect where we found the most landward marsh plant
>10 cm, of those salt marsh species listed above.

We applied a trampling treatment at each site: (1) three
passes once per week (trampled), and (2) zero passes
(untrampled). One pass was deWned as walking up and back
down each transect by adults weighing 50–55 kg wearing
rubber boots. The trampling treatment was applied to one-
half of the paired transects, leaving one-half trampled and
the other half untrampled. The trampled treatment repre-
sented a medium-intensity, high-frequency treatment based
on Woolfolk (1999) and on visual assessments of trampled
areas used by up to four people accessing the marsh once
per month, where conspicuous trails had unintentionally
been created through the marsh.

We applied a nutrient enrichment treatment using urea
granules {United Horticultural Supply [urea, 46% nitrogen by
weight]}: (1) 15 g nitrogen/m2 (fertilized), and (2) 0 g nitro-
gen/m2 (unfertilized). Treatment level and method were based
on a nutrient-enrichment experiments in two southern Califor-
nia salt marshes, but were applied at twice the rate (Boyer and
Zedler 1999; Boyer et al. 2001). Nutrient enrichment treat-
ments were randomly assigned to three of the six pairs of tran-
sects at each site, resulting in three trampled/untrampled
transect pairs with the nutrient enrichment treatment and three
trampled/untrampled transect pairs with no nutrient enrich-
ment treatment. Urea granules were hand-broadcast with care
to contain them within the boundaries of fertilized transects
and dissolved at similar rates in the fully tidal and tidally
restricted marshes. Care was taken to mimic the nutrient
enrichment treatment in the unfertilized transects.

Pre- and post-trampling measurements

Data were collected both before and after the trampling and
nutrient enrichment treatments were applied to determine
the eVects of experimental treatments and tidal restriction
on: (1) percent cover of native marsh plants in each plot, (2)
percent cover of invasive upland plants in each plot, and (3)
distance to the most seaward non-native upland plant in
each transect. Measurements were taken immediately
before trampling (May/June 2003), immediately after tram-
pling ended (September 2003), 9 months after treatment
application (near the end of the upland plant growing sea-
son: May 2004), 1 year after treatment application (during
the salt marsh plant growing season: August 2004), and
22 months after treatment application (near the end of the
upland plant growing season: June 2005). This sampling
scheme was based on our expectation that highest invasion
rates occur during the rain-dependent upland growing sea-
son (November–June) while marsh recovery occurs during
the salt marsh growing season (May–October).

We sampled percent cover of native marsh and invasive
upland plants and bare ground visually at all dates, except
immediately after trampling ceased (September 2003),
when trampling had eVectively reduced percent cover of all
plants to 0% in trampled transects, preventing detection of
subtle community composition eVects of treatments and
their interactions. In order to avoid any sampling bias or
edge eVects, percent cover of native marsh plants and
invasive upland plants was estimated in the middle
0.25 £ 0.25 m (0.625 m2) of a 0.5 £ 0.5-m quadrat span-
ning the transect and summed to 100%. In order to mini-
mize disturbance to the transects and to allow for rapid
assessment, we only estimated cover of plants at a Wxed
height in the top layer, i.e., what was visible in a quadrat
held over the vegetation. To compare eVects across an estu-
arine gradient across sites, we assessed percent cover of
plants at 0, 2, and 4 m seaward of the ecotone border in all
transects. Percent cover data were collected at the species
level and later lumped into native marsh and non-native
upland plant categories. Native upland and non-native
marsh categories were virtually absent, representing less
than 1% of the area, and were excluded from the analysis.
We measured distance from the ecotone boundary to the
most seaward live non-native upland plant (>5 cm tall) as
another proxy for invasibility, before, immediately after,
9 months after trampling, and 22 months after trampling.

In addition to the above variables we measured above-
ground biomass of S. paciWca in a 0.25 £ 0.25-m quadrat
(0.625 m2), immediately after treatment application
(September 2003) within untrampled plots to assess eVects
of nutrient enrichment. We used hand clippers to remove
the 0.625-m2 area of S. paciWca from the center of a quadrat
placed 3 m seaward from the upland edge of each transect
(n = 72). Wet mass of the S. paciWca samples was recorded
using a digital scale.

Statistical analysis

We evaluated each response variable using repeated mea-
sures nested ANOVA models using GMAV5 for Windows
(Underwood and Chapman 2001) and SYSTAT. To test for
single stressor eVects and the eVects of interactions between
stressors on non-native upland vegetation percent cover and
native marsh vegetation percent cover we used a repeated
measures six-factor nested ANOVA model with date (time),
trampling treatment (trampled), nutrient enrichment treat-
ment (fertilized), hydrological regime (tidal), and distance
from ecotone border (distance) as Wxed, orthogonal factors
and site as a random, nested factor within hydrological
regime (site) [see Electronic supplementary material (ESM)
S1a for the full model and explanation of the factors]. To test
for the eVect of treatments on the distance to the most sea-
ward non-native upland plant, we used a repeated measures
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Wve-factor nested ANOVA model which was the same as
above but without distance from the ecotone as a factor (see
ESM S1b for the full model and explanation of the factors).
To test for eVects of nutrient enrichment on S. paciWca bio-
mass, we used a three-way ANOVA model with nutrient
enrichment (fertilized) and hydrological regime (tidal) as
Wxed, orthogonal factors and site as a random, nested factor
within hydrological regime. Values were tested for normality
and homogeneity of variance (Cochran’s test: Underwood
1997). Data that deviated from assumptions were arcsine-
square-root transformed. Data were back-transformed to
original state for plots showing highest-order interactions.
When appropriate, Student–Neuman–Keuls’ (SNK) tests for
post-hoc comparisons between means were performed.

Results

EVects of single stressors

Nitrogen enrichment

In the short-term (9 months after treatments were applied),
percent cover of invasive upland plants increased in the
nutrient enriched plots, but only at one site (R2) (Table 1;
six-factor ANOVA, Time £ Fert £ Site, F = 2.7; df = 12,
576; P = 0.001) (See S2a for full model results). At site R2,
before nutrient enrichment treatments were applied there
were no signiWcant diVerences between fertilized and
unfertilized plots in percent cover of non-native upland

Table 1 Results from six-factor ANOVA tests for percent cover of non-native upland vegetation, and percent cover of native marsh vegetation.
Fert Fertilized

SigniWcant P-values shown in bold (� · 0.06)

Source Percent cover Percent cover

Non-native upland plants Native marsh plants

F(df) P F(df) P

Time 4.8(3, 12) <0.05 23.5(3, 12) <0.001

Trampled 28.8(1, 4) <0.01 62.7(1, 4) <0.001

Fert 0.9(1, 4) 0.39 2.1(1, 4) 0.22

Distance 58.9(2, 8) <0.001 102.7(2, 8) <0.001

Tidal 3.4(1, 4) 0.14 1.9(1, 4) 0.24

Site(Tidal) 46.5(4, 576) <0.001 45.8(4, 576) <0.001

Time £ Trampled 14.3(3, 12) <0.001 24.8(3, 12) <0.001

Time £ Fert 0.5(3, 12) 0.71 1.2(3, 12) 0.36

Time £ Distance 2.5(6, 24) <0.05 1.8(6, 24) 0.14

Time £ Tidal 2.9(3, 12) 0.077 1.4(3, 12) 0.28

Time £ Site(Tidal) 9.2(12, 576) <0.001 2.7(12, 576) <0.01

Time £ Trampled £ Fert 2.2(3, 12) 0.15 1.0(3, 12) 0.43

Time £ Trampled £ Distance 4.9(6, 24) <0.01 1.7(6, 24) 0.16

Time £ Trampled £ Tidal 5.1(3, 12) <0.05 0.8(3, 12) 0.51

Time £ Trampled £ Site(Tidal) 0.4(12, 576) 0.96 1.7(12, 576) 0.06

Time £ Fert £ Distance 0.4(6, 24) 0.90 0.5(6, 24) 0.83

Time £ Fert £ Tidal 0.9(3, 12) 0.46 0.1(3, 12) 0.98

Time £ Fert £ Site(Tidal) 2.7(12, 576) <0.001 1.7(12, 576) 0.06

Time £ Distance £ Tidal 0.6(6, 24) 0.72 0.9(6, 24) 0.52

Time £ Distance £ Site(Tidal) 2.4(24, 576) <0.001 0.8(24, 576) 0.73

Time £ Trampled £ Fert £ Distance 0.4(6, 24) 0.89 0.3(6, 24) 0.95

Time £ Trampled £ Fert £ didal 0.9(3, 12) 0.48 1.6(3, 12) 0.25

Time £ Trampled £ Fert £ Site(Tidal) 0.2(12, 576) 1.00 0.3(12, 576) 0.99

Time £ Trampled £ Distance £ Tidal 2.1(6, 24) 0.09 1.0(6, 24) 0.42

Time £ Trampled £ Distance £ Site(Tidal) 0.3(24, 576) 1.00 0.8(24, 576) 0.79

Time £ Fert £ Distance £ Tidal 0.1(6, 24) 0.99 0.8(6, 24) 0.57

Time £ Fert £ Distance £ Site(Tidal) 1.0(24, 576) 0.41 0.6(24, 576) 0.90

Time £ Trampled £ Fert £ Distance £ Tidal 0.9(6, 24) 0.53 0.4(6, 24) 0.88

Time £ Trampled £ Fert £ Distance £ Site(Tidal) 0.2(24, 576) 1.00 0.5(24, 576) 0.98
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plants (4.2 § 1.0% and 7.7 § 1.8%, respectively; SNK
tests, P > 0.05). But 9 months after treatments were applied
fertilized plots had signiWcantly more non-native upland
plants than unfertilized plots at site R2 (69.7 § 6.4% and
38.3 § 8.0%, respectively; SNK tests, P < 0.05). However,
12 months and 22 months after treatments were applied,
there were no signiWcant diVerences between fertilized and
unfertilized plots at this site, suggesting only a short-term,
spatially variable eVect of nutrient enrichment on invasions.

Nutrient enrichment signiWcantly increased the above-
ground biomass of S. paciWca at only two sites (three-factor
ANOVA, Fertilized £ Site, F = 2.3; df = 8, 16; P = 0.03).
At both site R3 and site F1, fertilized plots had higher
S. paciWca biomass than unfertilized plots (R3, 291.5 §
48.1 g and 190.4 § 40.0 g, respectively; F1, 401.1 § 91.2 g
and 293.9 § 45.3 g, respectively). Similarly, there was site
to site variability in percent cover of native marsh plants,
with only site R2 showing a decline in percent cover of
native marsh plants in enriched plots as compared to
unfertilized plots (17.2 § 5.1% and 35.8 § 8.7%, respec-
tively; Table 1, six-factor ANOVA, Time £ Fert £ Site,
F = 1.7; df = 12, 576; P = 0.06; SNK tests, P < 0.05). At all
other sites, there were no signiWcant diVerences between
fertilized and unfertilized plots in percent cover of non-
native upland plants, percent cover of native marsh
plants, or distance to the most seaward upland plant at
any time in the experiment. Thus, signiWcant eVects of
nutrient enrichment were very limited spatially and
temporally.

Trampling

The eVect of trampling on promoting the spread of non-
native plants into the upper marsh was dependent on the
estuarine gradient, declining seaward of the terrestrial
boundary (Fig. 2; Table 1; Time £ Trampled £ Distance,
F = 4.9; df = 6, 24; P = 0.002). Nine months after treatment
application, percent cover of non-native upland plants was
signiWcantly higher at trampled plots compared to untram-
pled plots only at 0 and 2 m, but not at 4 m seaward from
the ecotone border (Fig. 2b; SNK tests of trampled vs.
untrampled plots at 9 months, 0 m, P = 0.001; 2 m,
P = 0.05; 4 m, P = 0.99).

Trampling signiWcantly decreased native marsh plant
cover at all sites (Table 1; Time £ Trampled, F = 24.8;
df = 3, 12; P < 0.001) (See S2b for full model results).
There were no diVerences in percent cover of salt marsh
between trampled and untrampled plots within sites or
between sites before experimental treatments were applied
(Fig. 3; SNK tests of trampled vs. untrampled plots before,
P = 0.99). Nine months after treatments were applied, tram-
pled plots had signiWcantly lower percent cover of native

Fig. 2 Percent cover of invasive upland plants (mean § 1 SE) in
trampled (black bars, n = 36) and untrampled (open bars, n = 36) plots
at 0, 2 and 4 m from the ecotone border a before (June 2003), b
9 months after (May 2004), c 12 months after (August 2004), and d
22 months after (June 2005) treatment application ended. *P < 0.05,
***P < 0.001 [signiWcant diVerences between treatments within a dis-
tance class from Student–Neuman–Keuls’ (SNK) tests]
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marsh plants than untrampled plots at all sites, both fully
tidal and tidally restricted (Fig. 3; SNK tests of trampled vs.
untrampled plots at 9 months, P < 0.001). In addition, tram-
pled plots had signiWcantly lower percent cover of native
marsh plants than the same plots before treatment applica-
tion (Fig. 3; SNK tests of trampled plots, before vs.
9 months, P < 0.001).

Tidal restriction

Tidal restriction had a signiWcant eVect on marsh-upland
ecotone dynamics. Nine months after treatment application
ended, untrampled plots at tidally restricted sites had sig-
niWcantly higher percent cover of non-native upland plants
than untrampled plots at fully tidal sites (Fig. 4b; Table 1;
Time £ Trampled £ Tidal, F = 5.1; df = 3, 12; P = 0.017;
SNK tests of untrampled plots at 9 months, restricted vs.
tidal P < 0.001). In addition, 9 months after treatment

application ended, untrampled plots at tidally restricted
sites had signiWcantly higher percent cover of non-native
upland plants than the same plots before treatments were
applied (Fig. 4a, b; SNK tests of restricted untrampled
plots, 9 months vs. before, P < 0.001). However, 12 months
and 22 months after treatment application ended, percent
cover of non-native upland plants in control plots was not
signiWcantly diVerent from before treatment conditions
(Fig. 4a, c, d; SNK tests of restricted untrampled plots,
12 months vs. before P = 0.99; 22 months vs. before,
P = 0.99). In addition, in untrampled plots, tidally restricted
sites had signiWcantly greater distances to the lowest upland
non-native plant than fully tidal sites at all time periods
(Fig. 5; Table 2; Time £ Trampled £ Tidal, F = 5.8;
df = 3, 12; P = 0.01; SNK tests of untrampled plots in
restricted vs. tidal, before P < 0.001; after P < 0.001;
9 months P < 0.001; 22 months P < 0.001) (see S2c for full
model results). Native marsh cover did not change over

Fig. 3 Percent cover of native 
marsh plants (mean § 1 SE) in 
trampled plots (black bars, 
n = 18) and untrampled plots 
(open bars, n = 18) at fully tidal 
sites (a, c, e) and tidally restrict-
ed sites (b, d, f) before (June 
2003), 9 months after (May 
2004), 12 months after (August 
2004), and 22 months after (June 
2005) treatment application 
ended. **P < 0.01, 
***P < 0.001 (signiWcant 
diVerences between trampled 
and untrampled plots within 
each site from SNK tests)
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time in control plots at tidally restricted sites, except at one
site (R2), where control plots had lower percent cover of
native marsh plants after treatment application than the
same plots before treatments were applied, but this was not
signiWcantly diVerent (Fig. 3; SNK tests of restricted
untrampled plots 9 months vs. before, P = 0.59).

Fig. 4 Percent cover of non-native upland plants (mean § 1 SE) in
trampled plots (black bars, n = 54) and untrampled plots (open bars,
n = 54) under full tidal inundation and tidal restriction a before (June
2003), b 9 months after (May 2004), c 12 months after (August 2004),
and d 22 months after (June 2005) treatment application ended. DiVer-
ent letters indicate signiWcant diVerences between treatments from
SNK tests (P < 0.05)
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Interactions between stressors

There was a synergistic eVect of tidal regime on the eVect
of trampling, with trampling in restricted marshes increas-
ing the percent cover of non-native upland plants into the
upper marsh, as evidenced by the interaction term in the
six-factor ANOVA (Table 1; Time £ Trampled £ Tidal,
F = 5.1; df = 3, 12; P = 0.017). At sites with full tidal
exchange, there were no signiWcant diVerences in the per-
cent cover of non-native upland plants between trampled
and untrampled plots 9 months after treatments were
applied, though there was a trend towards slightly increased
invasion in trampled plots (Table 3; Fig. 4b; SNK tests in
fully tidal plots at 9 months, trampled vs. untrampled,
P = 0.83). In addition, there were no diVerences between
plots before treatments were applied and 9 months after

treatments were applied (Fig. 4a, b; SNK tests of fully tidal
trampled plots, 9 months vs. before, P = 0.84). However, at
tidally restricted sites there was signiWcantly higher percent
cover of non-native upland species in trampled plots than in
untrampled plots (38.8 § 5.1% and 23.4 § 4.4%, respec-
tively) (Table 3; Fig. 4b; SNK tests in restricted plots at
9 months, trampled vs. untrampled P < 0.001). In addition,
at tidally restricted sites 9 months after treatments were
applied there were signiWcantly greater distances to the
most seaward non-native upland plant in trampled transects
than in untrampled transects (Fig. 5c; Table 2; Time £
Trampled £ Tidal, F = 5.8; df = 3, 12; P = 0.011; SNK
tests of restricted plots at 9 months, trampled vs. untrampled
P < 0.001). There were no signiWcant diVerences between
trampled and untrampled plots at fully tidal sites (Fig. 5c;
SNK tests of fully tidal plots at 9 months, trampled vs.
untrampled, P = 0.99).

Comparing percent cover of non-native plants in plots
under trampling and tidal restriction, both singly and in
combination, to the control plots shows the synergism
between the two disturbances, as together they show a
greater than additive response (Table 3). Nine months after
the treatments were applied, trampled plots in fully tidal
sites (trampling treatment) show a 5.3% increase in non-
native plant cover on average, while in untrampled plots at
tidally restricted sites (tidal restriction treatment) non-
native plant cover increases by 19.7%. An additive
response between the two stressors would show a 25.0%
increase in percent cover of non-native plants. However,
non-native plant cover in trampled plots at tidally restricted
sites (trampling £ tidal restriction treatment) increases by
35.1% on average over the controls (Table 3). Thus, apply-
ing the two disturbances together results in a non-additive,
synergistic response of invasion by non-native plants.

As evidenced by the lack of signiWcant higher-order
interactions in the six-factor and Wve-factor nested ANO-
VAs, there were no signiWcant interactions between nutri-
ent enrichment and trampling or tidal restriction aVecting
the percent cover of non-native upland plants in the upper
marsh (Table 1) or the distance to the lowest upland plant
(Table 2).

Recovery from pulse disturbances

Longer-term recovery of trampled plots from invasion of
non-native upland plants was dependent on tidal restriction.
At fully tidal sites, there were no signiWcant diVerences in
percent cover of non-native upland plants in trampled and
untrampled plots 12 months or 22 months after treatment
application (Fig. 4c, d; SNK tests in fully tidal trampled vs.
untrampled plots, 12 months, P = 0.99; 22 months,
P = 0.96). At tidally restricted sites, signiWcant eVects of
trampling persisted for 22 months (Table 3; Fig. 4c, d;

Table 2 Results from Wve-factor nested ANOVA for distance from
ecotone to most seaward non-native upland plant >5 cm

SigniWcant P-values shown in bold (� · 0.05)

Source F(df) P

Time 17.3(3, 12) <0.001

Trampled 11.7(1, 4) <0.05

Fertilized 0.0(1, 4) 0.97

Tidal 4.1(1, 4) 0.11

Site(Tidal) 61.0(4, 192) <0.001

Time £ Trampled 13.7(3, 12) <0.001

Time £ Fert 0.9(3, 12) 0.45

Time £ Tidal 1.9(3, 12) 0.19

Time £ Site(Tidal) 0.8(12, 192) 0.63

Time £ Trampled £ Fert 0.2(3, 12) 0.90

Time £ Trampled £ Tidal 5.8(3, 12) <0.01

Time £ Trampled £ Site(Tidal) 0.3(12, 192) 0.98

Time £ Fert £ Tidal 1.2(3, 12) 0.35

Time £ Fert £ Site(Tidal) 0.5(12, 192) 0.94

Time £ Trampled £ Fert £ Tidal 0.0(3, 12) 0.99

Time £ Trampled £ Fert £ Site(Tidal) 0.3(12, 192) 0.99

Table 3 Mean § 1 SE (n = 54) percent cover of non-native upland
plants in treatment plots over four time periods (before, 9 months,
12 months, and 22 months after treatments were applied)

Treatment Time period

Before 9 months 12 months 22 months

Control 3.9 § 1.5 3.7 § 1.3 3.4 § 1.3 1.7 § 0.8

Trampling 3.9 § 1.3 9.0 § 2.5 4.9 § 1.7 5.6 § 1.7

Restriction 5.2 § 1.4 23.4 § 4.4 9.4 § 2.5 6.8 § 1.9

Trampling +
Restriction

4.8 § 1.4 38.8 § 5.1 16.2 § 2.9 13.0 § 2.7
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SNK tests of trampled vs. untrampled plots in restricted,
12 months, P = 0.03; 22 months, P = 0.049). Trampled
plots in tidally restricted sites showed some recovery after
12 months and 22 months, but did not recover to pre-distur-
bance conditions (Table 3; Fig. 4a, c, d; SNK tests of
restricted trampled plots, before vs. 12 months, P < 0.001;
before vs. 22 months, P = 0.013). Furthermore, recovery
from trampling was dependent on seaward distance from
the ecotone border (Fig. 2; Table 1; Time £ Trampled £
Distance, F = 4.9; df = 6, 24; P = 0.002). After 22 months,
trampled plots had still signiWcantly higher percent cover of
non-native upland plants than untrampled plots 0 m from
the border, but not in plots 2 and 4 m from the ecotone bor-
der (Fig. 2d; SNK tests of trampled plots vs. untrampled
plots at 22 months, 0 m, P = 0.05; 2 m, P = 0.89; 4 m,
P = 0.99).

There were between-site diVerences in recovery of
native salt marsh percent cover after treatment application
ended (Fig. 3; Table 1; Time £ Trampled £ Site: F = 1.7;
df = 12, 576; P = 0.06). After 12 months at all tidally
Xushed sites and one tidally restricted site, percent cover of
native marsh plants was not signiWcantly diVerent between
trampled and untrampled plots. However, at site R2 and site
R3, trampled plots had signiWcantly lower percent cover of
native marsh plants than untrampled plots (Fig. 3; SNK
tests of trampled vs. untrampled plots at 12 months, site R2
P < 0.001; site R3, P < 0.001). By 22 months, there were
no signiWcant diVerences between trampled and untrampled
plots at any of the sites, regardless of tidal regime.

To clarify whether the recovery of salt marsh from tram-
pling was due to new seedling growth of S. paciWca or
other native marsh vegetation or from vegetative growth of
plants on the margins of the transects, at four sites (two
restricted and two fully tidal) we quantiWed the percent of
marsh plants growing from the margins versus from seed-
lings 22 months after treatment application. At all sites, a
majority of the cover was from vegetative growth rather
than from seedling growth, with 65–100% vegetative
growth occurring from the plants at the margins.

Discussion

We found that human activities, both individually and in
concert, aVect plant community patterns in the high marsh
from landward (trampling and nutrient enrichment mimick-
ing eVects of upland agriculture) and seaward (tidal
exchange) sources. Each perturbation impacted the marsh
independently to varying degrees and trampling and tidal
restriction synergistically interacted to promote non-native
plant invasion into marsh communities. Resilience to tram-
pling was also inXuenced by this interaction, with trampling
in tidally restricted areas requiring a longer recovery time.

Impacts of individual stressors and their interactions

A critical step for conservation and management of ecosys-
tems is to be able to evaluate the relative impacts of diVer-
ent stressors, so that management actions can be
appropriately prioritized. Determining the factors inXuenc-
ing the invasibility of ecosystems has proven to be a partic-
ular challenge and Weld experiments are needed to elucidate
the mechanisms of invasibility (Davis and Pelsor 2001). In
order to tease apart the relative eVects of single stressors on
invasibility of upper marsh ecosystems we applied experi-
mental manipulations of nutrients and trampling across salt
marshes with diVerent levels of hydrological modiWcation.
Nutrient enrichment had little eVect on percent cover of
native marsh or non-native plants, though biomass of
S. paciWca signiWcantly increased at some sites. Nutrient
inputs have been shown to facilitate invasion of plant com-
munities (Hester and Hobbs 1992; Bertness et al. 2002),
particularly in combination with soil disturbance (Hobbs
and Atkins 1988). The levels of nitrogen in this marsh sys-
tem [average for tidally Xushed sites 0.61 § 0.18 p.p.m.
(ammonium) and 0.54 § 0.18 p.p.m. (nitrate + nitrite);
average for tidally restricted sites 1.96 § 0.16 p.p.m.
(ammonium) and 1.63 § 0.45 p.p.m. (nitrate + nitrite); R.
Martone and K. Wasson, unpublished data] do not seem to
be elevated when compared to other west coast estuaries
(Boyer and Zedler 1999; Boyer et al. 2001), suggesting that
nutrient limitation could drive community dynamics and
that increasing nutrients should have promoted establish-
ment of non-native upland plants. These inconsistencies
could be due to the short temporal period and timing of our
treatment application, as well as the soil properties in Elk-
horn Slough marshes (Gibson et al. 1994; Zedler 1996;
Boyer et al. 2001). We added nitrogen only during the sum-
mer months, so the eVects of nutrient enrichment on the
plant community may not have lasted to the following
spring, possibly due to insuYcient storage of nitrogen in
belowground tissues or soils (Boyer and Zedler 1998;
Lindig-Cisneros et al. 2003). Thus, short-term nutrient
enrichment initially increased the biomass of S. paciWca,
but did not necessarily enhance the nitrogen pool for non-
native upland plants during their growing season (Gibson
et al. 1994; Zedler 1996; Boyer et al. 2001; Boyer and
Zedler 1998; Lindig-Cisneros et al. 2003). Application of
nitrogen through the upland plant growing season may pro-
duce diVerent results. Elkhorn Slough experiences elevated
nitrogen levels year-round due to agricultural runoV and
inputs from the Monterey Bay Canyon, but highest levels
occur during the rainy season (November–April), coincid-
ing with the growing season of upland plants. Site-speciWc
variability in response to nutrient enrichment treatments
may reXect diVerences in exposure to agricultural run-oV
during the rainy season as well as diVerences in soil properties
123



Oecologia
and nutrient retention (Boyer and Zedler 1998). For exam-
ple, tidally restricted sites have limited Xushing and thus
possibly greater nutrient retention during the rainy season
when inputs are highest. Future investigations of the eVects
of nutrient enrichment on invasion rates should consider
spatial variation in soil properties and seasonal variation in
soil nitrogen in the upper marsh.

Trampling, a pulse disturbance, and tidal restriction, a
press disturbance, both inXuenced the vulnerability of the
plant community to invasion by non-native upland plants
(Figs. 4, 5). When examining the eVects of human activi-
ties singly, we found that, alone, short-term perturbations
that alter native community structure (i.e., trampling to
reduce dominance of S. paciWca) do not signiWcantly pro-
mote invasions if suYcient time is allowed for recovery
(i.e., trampled plots in fully tidal sites; Figs. 4, 5); corrobo-
rating previous studies of single stressors in physically
stressful systems (Moyle and Light 1996; Dethier and
Hacker 2005). However, tidal restriction alone promoted
invasion of non-native plants signiWcantly more than tram-
pling alone (Table 3; Figs. 4b, 5c). Furthermore, reducing
native cover by trampling (Fig. 3) together with modifying
soil conditions via the press disturbance of tidal restriction
synergistically increased invasion of upland plants into the
upper marsh over the 9-month period (Table 3; Figs. 4b,
5c). Community ecology theory predicts that the relative
importance of biotic interactions varies depending on
physical stress and disturbance (Menge and Sutherland
1987), with competition more inXuential under physically
benign conditions and positive interactions more important
under physically stressful or highly disturbed conditions
(Bertness and Callaway 1994; Bruno et al. 2003). Apply-
ing this disturbance theory to invasion biology, we expect
that in physically stressful systems, invasion is controlled
more by abiotic factors than biotic competition for
resources, while in physically benign systems, biotic resis-
tance via competition plays a larger role (Moyle and Light
1996; Kercher and Zedler 2004; Dethier and Hacker
2005). As predicted, we found that tidal restriction, a dis-
turbance that alters inundation regime and soil properties
in estuarine systems (Zedler et al. 1980), was more likely
to promote invasions than trampling, a disturbance that
primarily alters biotic resistance via reducing dominant
cover (Woolfolk 1999). Our results also suggest that syn-
ergistic interactions between perturbations may occur. If
perturbations alter physical conditions in favor of non-
native species, they may provide a more benign environ-
ment, and thereby increase the relative importance of
biotic interactions such that simultaneous or subsequent
perturbations that remove competitive dominants lead to a
greater-than-additive response. This suggests that the
power to predict invasion and prioritize management
actions will improve by understanding both the changes in

physical conditions resulting from human activities and
the physical tolerances of potential invaders.

Recovery from multiple disturbances

Emerging theories in ecological science and resource man-
agement point to the importance of assessing ecosystem
resilience; that is, the extent to which ecosystems can
recover from natural or human perturbations and continue
to operate within the natural state of variability (Connell
and Sousa 1983; Hughes et al. 2005). Resilience or recov-
ery of ecosystems from multiple perturbations is diYcult to
address, as it requires understanding both the natural vari-
ability in systems as well as the rate of recovery from
stressors both singly and in combination (Connell and
Sousa 1983). In our study, recovery of salt marsh plant
communities from a pulse disturbance caused by trampling
was dependent on tidal restriction. Trampling removed the
dominant native pickleweed at all sites in the upper salt
marsh over the short term, and recovery occurred in
12 months in fully tidal sites and at one restricted site, but
at restricted sites, salt marsh recovery did not occur until
22 months after the treatment application (Fig. 3). How-
ever, the relatively fast and fairly complete recovery
observed at fully tidal sites may be due to the application of
trampling over a narrow area (0.5 m). Because S. paciWca
grows primarily vegetatively (Macdonald 1977) and seed-
ling establishment is sensitive to abiotic conditions and
biotic competition (Noe and Zedler 2001), salt marsh plant
communities may recover much better from relatively nar-
row swaths of trampling. Recovery in these plots was due
primarily to vegetative growth of S. paciWca encroaching
on the open plot from the margins of the disturbance. Dis-
turbances over larger areas, (e.g., due to cattle grazing) may
show a diVerent picture (Allison 1995), especially if larger
disturbances cause recovery to be more dependent on seed-
ling establishment. Nonetheless, even though this experi-
ment was short-lived and on a small scale we did show that
recovery is slower in systems with multiple impacts, as
trampling in combination with restricting tidal Xow resulted
in establishment of non-native upland plants for up to
22 months in the ecotone (Fig. 4d).

Inferring generality about the role of multiple perturbations

Our empirical study demonstrates the potential use of com-
munity ecology theory as a general framework for how
interactions between multiple stressors aVect invasions.
However, the variability within our results sounds an
important note of caution in terms of generalizing across
systems. Despite the general response to interactions
between stressors, there was site variation in the magnitude
of response to diVerent stressors and their interactions.
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Spatial heterogeneity in both baseline conditions and
responses to treatments, especially nutrient enrichment,
highlight the diYculty in making predictions about
responses to human perturbations. Distance along the land–
sea gradient from the terrestrial boundary also signiWcantly
aVected both the short-term ability of non-native plants to
invade and longer-term persistence (Fig. 2). Site and dis-
tance from the edge of the ecotone interact with trampling
(Table 1) and nutrient enrichment (Table 1) to aVect per-
cent cover of native and non-native plants suggesting that
disturbances not only interact with one another, but also
with spatial variability. Thus, site-speciWc data are critical
for making solid predictions about the impacts of, or recov-
ery from, particular disturbances.

Implications for management

We show a clear impact of trampling and tidal restriction,
both independently and in concert, aVecting invasion rates
of non-native upland plants into the marsh-upland transi-
tion zone. While the focus of estuarine conservation and
restoration is typically the broad salt marsh plain, the
marsh-upland ecotone harbors the greatest species richness
of marsh plants, and provides habitat for some plant species
whose distribution occurs entirely in this zone (James and
Zedler 2000; Traut 2005). To avoid or reduce the rate of
loss of the biologically rich upper marshes, the ecotone
itself should be an important target of coastal management.
Restricting access to the marsh by anglers, visitors,
researchers and cattle, creating access only in areas of full
tidal exchange, and avoiding the marsh-upland ecotone
may reduce invasion rates and narrowing of the high marsh
zone. Recovery from trampling may occur within a year if
the trampling is limited to a narrow zone where vegetative
spread of marsh plants can occur from either side. Full tidal
exchange is recommended for marshes to enhance native
biodiversity, and to provide resistance and resilience to per-
turbations that reduce biotic resistance to invasion. Our
results highlight the importance of considering impacts
across the landscape and how management actions at both
the landward (e.g., cattle access, placement of trails, control
of agricultural run-oV, addressing the spread of upland non-
native species) and seaward (e.g., managing tidal exchange
through control structures) boundaries of marshes can inter-
act to impact estuarine habitats.

As global change mounts and the array of human and
natural stressors on ecosystems intensify, there is an urgent
need to develop a better understanding of the interactive
eVects of multiple stressors on ecosystems. Complex inter-
actions between human disturbances such as we have docu-
mented are likely to be common, so perturbations should be
managed not just in isolation but with awareness of poten-
tial synergisms between them. Predicting the outcome of

the response of non-native species to multiple anthropo-
genic impacts is enhanced by manipulative experiments
that explore how human activities interact both by modify-
ing physical conditions and by aVecting biotic interactions.
Our results highlight the importance of considering
multiple human activities and how they aVect resource
availability to determine community dynamics and rates of
invasion.
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