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Abstract. Burrowing animals profoundly influence plant communities, and changes in the burrower
and plant communities together with changing abiotic parameters can shift the influence of burrowers on
plants. However, we lack an ability to predict when, where, and how burrowers will influence vegetation.
To begin to understand how naturally, varying environmental conditions influence the impacts of burrow-
ers, we need to examine how burrower impacts on marsh plants differ across sites differing in environmen-
tal conditions. We manipulated crab presence for multiple years and measured the responses of the
dominant plants, Pacific cordgrass (Spartina foliosa) and perennial pickleweed (Sarcocornia pacifica), at three
sites in northern California and two sites in southern California. Southern California (Point Conception,
CA, to the U.S.–Mexico border) experiences higher air and water temperatures, lower precipitation, and
higher porewater salinity levels. Combining data from these field studies with laboratory studies allowed
us to generate predictions about burrowing crab effects in salt marshes. Our models included (1) an esti-
mate of grazing pressure on marsh plants by the dominant burrowing crab (Pachygrapsus crassipes) and (2)
several soil biogeochemical measurements. Crab effects varied from strongly positive to strongly negative
and depended upon estimated crab grazing pressure and edaphic conditions (salinity, ammonium, and
nitrate). Relative to crabs at other sites, crabs enhanced cordgrass at sites with intermediate levels of
ammonium and extreme salinities. The dependence of crab effects on edaphic conditions suggests that pro-
jected interannual variability in temperature, precipitation, and nutrients could lead to more temporally
variable impacts of crabs on cordgrass. Understanding the environmental controls on these interactions
will help promote cordgrass productivity and stabilize salt marsh ecosystems.
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interactions; salt marsh.
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INTRODUCTION

Burrowing animals, such as earthworms,
crabs, prairie dogs, ghost shrimps, and rodents,
can profoundly influence the structure and func-
tion of plant communities (Fields et al. 1999,
Vanni 2002, Eisenhauer et al. 2009, Castorani
et al. 2014, Andriuzzi et al. 2016). These impacts

can vary both in size and direction, and can
affect important ecosystem functions, such as
carbon and nutrient cycling (Vanni 2002, Andri-
uzzi et al. 2016), plant succession (Fields et al.
1999), and plant productivity (Eisenhauer et al.
2009). This variation is influenced by the plant
and animal communities (Davidson and Light-
foot 2008, Eisenhauer et al. 2009, Baker et al.
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2013) and abiotic factors (Crain and Bertness
2006, Crain 2008, Daleo and Iribarne 2009). How-
ever, we do not know how naturally, varying
environmental conditions can influence the
impacts of burrowers. Additionally, we lack an
ability to predict when, where, and how burrow-
ers will influence vegetation, because previous
manipulative studies were rarely replicated in
time, space, or both (but see Nomann and
Pennings 1998, Bortolus et al. 2004, Holdredge
et al. 2009). In order to begin to understand how
burrower effects may change with varying envi-
ronmental conditions, we examined animal
impacts on plants across multiple years and sites
in two distinct regions differing in environmental
conditions (southern and northern California).

Coastal ecosystems, like salt marshes, vary in
several key environmental factors that could
influence the interactions between animals and
plants (Harley et al. 2006, Kordas et al. 2011,
Crotty et al. 2020). Spatiotemporal variation in
such factors can influence marsh vegetation by
altering rates of herbivory, plant growth, and
nutrient cycling (Bertness and Ewanchuk 2002,
Pennings and Silliman 2005). For example, con-
sumer feeding rates may depend on air and
water temperatures (Post and Pedersen 2008,
O’Connor et al. 2009). Precipitation patterns
(Snyder and Sloan 2005, Cayan et al. 2008, Lar-
gier et al. 2010) can alter the outcomes of plant–
herbivore interactions via altered salinity (Kim-
mer 2002, Silliman et al. 2005, Long and Porturas
2014, Chang et al. 2018). For example, salt marsh
burrowing crabs more strongly reduce marsh
vegetation cover during droughts (Angelini et al.
2018). Variability in nutrients, for example due to
the fluctuations in precipitation events (Caffrey
et al. 2007, Aguilera and Melack 2018, Fong et al.
2020), can create variability in plant nutritional
quality (Price 1991, Cronin and Hay 1996a, b)
and plant responses to animals (Stout et al. 1998,
Zhu et al. 2016).

Our understanding of how environmental con-
ditions alter the outcomes of species interactions
would benefit from manipulative experiments
replicated in space and time (Menge and Suther-
land 1987, Borer et al. 2014a, Duffy et al. 2015).
Two recent studies used this rigorous approach
to compare the impact of resources and her-
bivory on vegetation. In grasslands, a manipula-
tive experiment across 40 sites and six continents

found that nutrient additions reduced plant
diversity, but herbivores rescued diversity in
these areas (Borer et al. 2014b). In seagrass beds,
a manipulative experiment across 20 degrees of
latitude found that resource availability influ-
enced plant defenses (Hern�an et al. 2020). The
significant replication of these experiments
across sites provided a robust assessment of the
roles of resources and herbivory on plants.
Unfortunately, because few studies were repli-
cated in space and time (Hastings et al. 2007), we
lack an understanding of the impact of burrow-
ing animals on vegetation and how this changes
with environment.
Understanding how burrower impacts will

change with environmental conditions is particu-
larly important in salt marshes. Given their shal-
low depths, low relief shorelines, inputs from
oceans, watersheds, and surrounding land, estu-
aries are among the first ecosystems to experi-
ence effects of climate change (IPCC 2007).
Additionally, dominant and ecologically impor-
tant salt marsh plants have recently experienced
die-off (Alber et al. 2008, Marsh et al. 2016, Pet-
tengill et al. 2018). These losses threaten several
ecosystem functions (including carbon sequestra-
tion, shoreline erosion protection, water filtra-
tion, and habitat provisioning; Thorne et al.
2015, Kerr et al. 2016). In some marshes, such
losses have been positively correlated with
drought and were hypothesized to be related to
increased interaction strengths with snails and
burrowing crabs (Silliman et al. 2005, Angelini
et al. 2018). However, burrowers have also been
found to mitigate cordgrass loss during a marsh-
wide cordgrass decline (Walker et al. 2020), sug-
gesting that crabs could also facilitate cordgrass
(Bertness 1985). The capacity of crabs to modify
marsh loss may critically influence marsh
functioning.
Here, we use data from field and laboratory

experiments to examine how burrowing crab
effects in salt marshes differ across environmen-
tal conditions. We manipulated burrowing crab
density (Pachygrapsus crassipes) at three sites in
northern California and combined these results
with a previous manipulation at two sites in
southern California, which experience higher air
and water temperatures, lower precipitation,
and higher porewater salinity levels. We also
conducted multiple-choice feeding assays to

 v www.esajournals.org 2 October 2021 v Volume 12(10) v Article e03803

COASTAL AND MARINE ECOLOGY WALKER ET AL.



compare grazing pressure by the dominant salt
marsh crab in California, P. crassipes. We predict
crab effects using crab community and soil con-
dition metrics.

METHODS

Study sites and species
We studied crab impacts on salt marshes in

five sites in two regions. In northern California,
we conducted experiments at Bodega Bay (BOD;
38°19006.2800 N 123°02023.6500 W), Tomales Bay
(TOM; 38°12035.6700 N 122°55038.0100 W), and
Bolinas Lagoon (BOL; 37°55013.5700 N 122°41010.0900

W). In southern California (Point Conception, CA
to the U.S.-Mexico border), we conducted
experiments at two sites in Kendall-Frost
Marsh Reserve (KF1 and KF2, 32°47041.000 N,
117°13046.400 W and 32°47038.900 N, 117°13041.400

W, respectively). The regions were separated by
~900 km, and sites within a region were sepa-
rated by 40–55 km and 0.16–25 km (northern
and southern California, respectively). In both
regions, high and low elevations of marshes are
dominated by perennial pickleweed (Sarcocornia
pacifica) and Pacific cordgrass (Spartina foliosa),
respectively. These two species overlap in the
transition zone of intermediate elevations at both
regions. Subordinate plants were more common
in southern marshes, but only represented a
modest portion of the plant community (<5%) in
the transition zone. Relative to southern marshes,
northern marshes in California experience greater
annual rainfall (86 � 13 cm vs. 26 � 3 cm; Menne
et al. 2012, Data provided by the University of
California, Davis, Bodega Marine Laboratory),
and lower annual air temperatures (12° � 0.0°C
vs. 19° � 0.1°C; National Data Buoy Center
1971, Menne et al. 2012) and water tempera-
tures (12° � 0.0°C vs. 19 � 0.0°C; National Data
Buoy Center 1971).

To compare the crab communities among sites,
we monitored crab sightings, burrow density,
and burrow diameter (Appendix S1). Pachygrap-
sus crassipes (lined shore crab) dominated bur-
rowing crab abundance at all marshes. Salt marsh
populations of P. crassipes consume macroalgae,
horn snails, detritus, conspecifics, and small infau-
nal invertebrates (Willason 1981, Zedler 1982,
Sousa 1993, Boyer and Fong 2005). Although
P. crassipeswill also graze above- and belowground

plant material (Boyer and Fong 2005, J. Walker
personal observation), no publications have quanti-
fied grazing rates by P. crassipes on perennial
pickleweed or cordgrass (but see Wasson et al.
[2019] for personal observation regarding plant
consumption in the laboratory). Leptuca crenulata
(Mexican fiddler crab) ranges from Pt. Concep-
tion, California, to Tenacatita Bay in Jalisco, Mex-
ico (Crane 1975), and was present at southern
marshes but was completely absent in northern
marshes. The invasive Carcinus maenas (Euro-
pean green crab) was rare in northern marshes
during the study period (<5% of all crab sight-
ings; Appendix S1: Table S1). Another burrow-
ing crab, Hemigrapsus oregonensis (Yellow shore
crab), represented <1% of crab sightings at both
northern and southern marshes (J. Walker, per-
sonal observation).

Field manipulation
To study the impact of crabs on the plant com-

munity, we manipulated burrowing crab access
to plots at both regions. Manipulations in south-
ern marshes (KF1 and KF2) were conducted May
2016 to October 2018 (Walker et al. 2020). Manip-
ulations in northern marshes were started on dif-
ferent dates (May 2017, April 2018, and June
2018 at BOL, BOD, and TOM; respectively) and
were run through October 2019. Start dates var-
ied because of the logistics of simultaneously
running experiments in northern and southern
California. We selected plots within the transition
zone that contained burrows, cordgrass, and
pickleweed. Burrow density in our plots was rep-
resentative of most areas within the transition
zone (J. Walker, personal observation). All plots
were adjacent to the main channel and ~30, ~200,
~380, and ~260 m from the water edge at mean
lower low water (MLLW; KF2, BOL, TOM, and
BOD, respectively), except at KF1, where plots
were 2–3 m from the creek bank edge.
To manipulate burrow density, we followed

methods as detailed in Walker et al. (2020).
Briefly, square plots (0.7 9 0.7 9 0.6 m, l 9 w 9

h) were fenced in with plastic-mesh cages (mesh
opening = 0.6 cm). Crab migration was mini-
mized by inserting cages 30 cm into the substrate
and attaching aluminum flashing to the tops of
cages (aluminum flashing did not change the
height of the cage). Rhizomes were severed at all
plot borders to prevent nutrient and resource
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exchange with outside plants. All plots were at
least one meter apart. Our experiments included
five plot types: three crab densities (Ambient,
High, Removal), Cage-controls, and Unmanipu-
lated controls (n = 5). Cage-controls were created
by cutting one large window (15 9 10 cm,
height x width) along the marsh surface into each
side of the cage. Cage-controls allowed for a test
of the impact of caging structure, while allowing
for migration of crabs. Unmanipulated controls
were marked with corner stakes (0.7 9 0.7 m
plots). Control replication changed through time
because we were initially limited on person hours
to monitor additional replicates (Appendix S1:
Fig. S2, Walker et al. 2020). Two pitfall traps
(empty tennis ball canisters: diameter = 7 cm,
height = 20 cm) were installed at opposite, diago-
nal corners of all cages.

All treatments were maintained every 2–
3 weeks during the growing season of all years
(April to October) following methods in Walker
et al. (2020). During these visits, we repaired
cages, removed crabs from Removal cages, and
added crabs to the Ambient and High treatments
as necessary. Crabs and burrows can decrease
over time (e.g., crabs escape, burrows fill in, and/
or crabs die; J. Walker, personal observation) with-
out crab immigration into plots. To adjust for this
loss, P. crassipes were added when burrow densi-
ties fell below the treatment’s target number (i.e.,
when burrow density in Ambient plots fell below
the average burrow density in Unmanipulated
and Cage-controls and when burrow density in
High plots fell below 50% more than the burrow
density in Ambient plots). Roughly one crab was
added to high plots every two weeks and ambi-
ent plots every 1 to 2 months.

To assess the effect of burrowing crabs on the
plant community, we counted burrow number
and burrow diameter in all of our plots
(Appendix S1). At three time points during each
growing season (~April, July, and October), we
measured the percent cover of pickleweed and
cordgrass. To help understand the factors con-
tributing to changes in percent cover, we also
measured species-specific plant characteristics
(cordgrass stem height, cordgrass stem density,
and pickleweed canopy height). In October 2019,
we harvested all aboveground plant material to
better understand crab effects on plant biomass.
At this time, we also extracted sediment cores

from the middle of each plot for quantifying
belowground plant biomass (cores extracted
from the surface to 27 cm deep; ~3980 cm3).
Finally, we collected and analyzed porewater
salinity, dissolved organic carbon (DOC), nitrate,
and ammonium three times during each growing
season (~April, July, and October) to understand
the ambient conditions between sites and the abi-
otic parameters crabs may modify.
The main focus of this paper is predicting crab

effects on the ecologically important salt marsh
plant, cordgrass. For a detailed description of the
crab community for both southern and northern
California, see Appendix S1. For a description of
the crab impacts on plant cover and plant charac-
teristics for both cordgrass and pickleweed and
biogeochemistry, see Walker et al. 2020 and
Appendix S2 (for southern California and north-
ern California, respectively).

Estimating crab grazing pressure on plants
To estimate crab grazing pressure in the field,

we multiplied per capita grazing rates of P. cras-
sipes by the burrow density of this crab because
P. crassipes is the dominant burrowing crab at all
sites. Per capita grazing rates were determined
by offering local plants to crabs (e.g., crabs from
BOD were offered plants from BOD). Feeding
assays were performed at UC Davis’s Bodega
Marine Laboratory (BML) for northern popula-
tions (Bodega, CA; average water temperature
between June and July in 2018 from the BML
shoreline buoy = 12° � 2°C, mean � SE) and San
Diego State University’s Coastal Marine Institute
and Laboratory for southern populations (San
Diego, CA; average water temperature between
June and July in 2018 from San Diego Bay =
22° � 2°C). Crabs were housed in single contain-
ers (15 9 14 9 8 cm; l 9 w 9 h) with window-
screen mesh sides to allow for water exchange.
All containers were placed in flow-through sea-
water tables. Prior to the start of the experiment,
crabs were starved for 48 h. All assays were con-
ducted between June and July in 2018 to mini-
mize the effect of temporal variability on spatial
comparisons.
To standardize comparisons among marshes,

we used undamaged, new tissues in all assays.
Plant tissues were blotted dry and weighed at
the start of the experiment. We offered each crab
a choice of four plant tissues (cordgrass roots,

 v www.esajournals.org 4 October 2021 v Volume 12(10) v Article e03803

COASTAL AND MARINE ECOLOGY WALKER ET AL.



cordgrass leaves, pickleweed roots, and pickle-
weed leaves). Crabs were fed both leaves and
roots due to their ability to access both above-
and belowground material via burrowing. Tissue
type was marked with negatively buoyant PVC
clips. For all assays, no-crab replicates were
paired with experimental replicates to control
for autogenic changes in plants (Peterson and
Renaud 1989). Experimental replicates (n = 20
crabs) and paired no-crab controls ran 1–3 d. All
replicate pairs were checked once per day and
removed if at least 33% of one plant tissue in the
experimental replicate had been eaten (Pennings
et al. 1998). At the end of the assays, plants were
blotted dry and re-weighed. For each experimen-
tal replicate, we calculated consumption with the
following equation (Hi 9 Cf/Ci) – Hf, where Hi

and Hf are the initial and final mass of the experi-
mental replicate plants and Cf and Ci are the final
and initial mass of the controls (no-crab repli-
cates; Cronin and Hay 1996a).

We used Linear Mixed-Effect Models (LMEMs)
to examine feeding preferences because of the
lack of independence among tissues types
within each replicate (Bates et al. 2015, Brauer
and Curtin 2018, Schielzeth et al. 2020). For
these analyses, the arcsine–square root transfor-
mation was applied to consumption rates (for
all tissue-types) to normalize their distributions
(Rhoades et al. 2018). We ran separate LMEMs
for each site (KF1, KF2, BOL, TOM, and BOD)
with tissue-type (cordgrass leaves, cordgrass
roots, pickleweed leaves, and pickleweed roots)
as a fixed term and replicate as a random term
(to account for nonindependence). Next, we
ran models to determine differences in
consumption of plant species by grouping
tissue-type by plant species (cordgrass or pick-
leweed). We ran LMEMs for each site with
plant species as a fixed term and replicate as a
random term. We calculated a ratio of cord-
grass to pickleweed consumption as an esti-
mate of site-specific feeding preference for
these two plants. Lastly, we compared total
consumption rates between northern and
southern California by adding all consumption
rates within a site. Total consumption rates
between northern and southern California were
compared with a two-tailed, two sample t-test
after transformation. For a detailed description
of these results see Appendix S3.

To estimate crab grazing pressure in the field,
we multiplied the average total consumption val-
ues for both cordgrass and pickleweed from our
feeding assays by the average number of P. cras-
sipes burrows per year from our field manipula-
tions (Appendix S1: Fig. S1). We found the mean
number of burrows for all plots across all months
for each year. Leptuca crenulata are detritivores
and do not consume vascular plants; therefore, L.
crenulata burrows were excluded from these cal-
culations. To find only P. crassipes burrow density
for southern California (there were no L. crenulata
in northern California), we binned our burrow
diameter data by burrow size—L. crenulata bur-
rows ≤1.5 cm and P. crassipes >1.5 cm. Bins were
chosen based on the average, largest burrow
(burrows greater than the 97.5% confidence inter-
val) from another southern site San Dieguito
Lagoon (SDL, 32°58047.000 N, 117°14043.600 W)
because SDL was dominated by L. crenulata
(Walker et al. 2020). Binning by the average, lar-
gest burrow diameter at SDL ensured that we
removed L. crenulata from the burrow count.
Since we only measured 10 burrow diameters
each sampling period, we calculated a ratio of
the number of P. crassipes burrow diameters out
of 10. This ratio was then multiplied by the aver-
age number of burrows for that sampling period.
Because we estimated crab density with burrow
density, we may have overestimated grazing
pressure since burrow counts sometimes overes-
timate crab abundance (Mart�ınez-Soto and John-
son 2020). However, this strategy is commonly
employed to nondestructively estimate burrow-
ing crab abundance. Additionally, we have no
reason to suspect that the relationship between
burrow density and crab density changes
between marshes and regions. We also calculated
a ratio of cordgrass to pickleweed consumption
and adjusted the consumption values by multi-
plying the average number of P. crassipes bur-
rows per year from our field manipulations. Both
of these variables were used in the analysis
below.
Although our estimates of grazing rates have

some limitations, we believe they provide rea-
sonable approximations of relative grazing rates
between marshes for the following reasons. First,
our laboratory measurements of grazing used
local crabs from each site. Second, our graz-
ing assays were conducted under relevant
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environmental conditions (e.g., crabs from south-
ern sites were assayed at a southern facility with
seawater conditions representative of southern
sites). This accounted for the major environmen-
tal conditions that could have influenced grazing
rates (e.g., temperature).

Predictors of crab effects
Because crab effects vary in space and time

(He and Silliman 2016, Wasson et al. 2019,
Walker et al. 2020), we examined the influence of
several factors on crab effects across all of our
site-year combinations. To facilitate this analysis,
we focused on crabs as a categorical variable,
and we combined all treatments with crabs into a
+Crab treatment (Ambient, High, Cage-controls,
and Unmanipulated controls). Thus, we com-
pared +Crab vs. –Crab treatments. We justify this
grouping because (1) burrow density was only
different among removal treatments and the
other treatments (Appendix S1: Fig. S2) and (2)
caging artifacts in salt marshes on plant growth
are either weak or absent (McGuinness 1997,
Lotze and Worm 2000, Holdredge et al. 2009,
2010, Angelini et al. 2018).

We used two analyses to predict crab effects
on vegetation. First, we calculated log response
ratios (LRR) to represent +Crab vs. –Crab effect
sizes on cordgrass cover (Hedges et al. 1999,
Lajeunesse 2011). Positive LRR values indicate
that crabs enhanced cordgrass cover. We focused
on cordgrass cover as our main response variable
due to its important ecological role, numerous
ecosystem services, and the significant variation
of crab effects on cordgrass observed across sites
and years (Walker et al. 2020). We compared
LRR for each site-year combination by creating a
forest plot and measuring how many site-year
combinations deviated from zero.

Next, we performed a principal component
analysis (PCA). We used seven variables and
treated each treatment-site-year combination as
an individual sample for a total of six samples
per site (30 samples total). We treated each year
as an independent sample to provide a more
robust assessment of the factors driving crab
effects. This approach was justified because of
large within-site and between-year variation in
predictors and crab effects (e.g., KF1 and KF2,
Walker et al. 2020). The predictors we included
in our models were measurements of the crab

community (burrow density and diameter), bio-
geochemistry (salinity, nitrate, and ammonium),
and crab grazing (cordgrass to pickleweed con-
sumption and estimated grazing pressure).
We determined the average value of each vari-

able for every treatment (+Crab and –Crab), site,
and year combination. For crab metrics (burrow
density and diameter) and biogeochemistry met-
rics (salinity, nitrate, and ammonium), we used
the mean of all samples across all months for each
year. For crab grazing, we used the two variables
that were adjusted for burrow density (described
in ’Estimating crab grazing pressure on plants’)—the
ratio of cordgrass to pickleweed consumption
and the estimated grazing pressure of all plant
material. All variables were tested for collinearity
prior to the PCA. Burrow density was corre-
lated with grazing pressure, and therefore, we
removed burrow density from subsequent analy-
ses. Principle components were retained if eigen-
values were >1.0 and 60% of the total variance
was retained (Jackson 1993, Jolliffe and Cadima
2016, Banda and Kumarasamy 2020).
After identifying three principal components

that accounted for 65% of the variation across all
sites, we asked whether the effect of crabs on
cordgrass cover (expressed as LRR) could be pre-
dicted by PC1, PC2, PC3, and the major factors
of these principal components (i.e., those con-
tributing >20%). We used the best fitting polyno-
mial model to estimate and explore the
relationships between LRR and variables because
preliminary inspection showed unimodal rela-
tionships for variables. A linear mixed-effects
regression model was used to test whether these
main contributors could further aid in explaining
the variation in the effect of crabs on cordgrass
cover. We built a full model with six main con-
tributors (burrow diameter, ammonium, salinity,
nitrate, estimated grazing pressure, and cord-
grass to pickleweed consumption). We did not
include interaction terms in our full model due
to our limited sample size. Quadratic terms were
added into models based on the above data
exploration. Site was included as a random factor
in our models to separate the effect of site among
variables. A subset of models was selected from
backward and forward stepwise regression by
removing variables based on AIC values. The
best model was chosen based on a combination
of the highest adjusted R2 and AIC values.
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Statistical analyses were performed using R
software vs. 3.6.0 (R Core Team 2019). GLM and
LMEM analyses were conducted using the lme4,
nlme, and MASS packages for R. We tested sig-
nificance of fixed effects with type III sums of
squares using the Anova function in the car pack-
age. PCAs were constructed using ggfortify and
ggplot2, and LRRs were calculated using the
metafor package.

RESULTS

Although there was no overall effect of crabs
on cordgrass, crabs influenced cordgrass (i.e.,
confidence intervals of LRR did not overlap zero)
at 4 of the 13 site-year combinations (Fig. 1). At
sites where crabs affected cordgrass, the effect of
crabs across years was either in the same direc-
tion or neutral. For example, crabs at BOD
tended to negatively impact cordgrass cover in
all years measured, whereas at KF2, crabs
enhanced cordgrass cover during all three years.

PC1, accounting for 26% of the total variation
across the five sites sampled, was negatively cor-
related with crab burrow diameter and cordgrass
to pickleweed consumption (Fig. 2, Table 1).
PC2, accounting for 21% of the total variation,
was positively correlated with ammonium and
negatively correlated with estimated grazing
pressure and nitrate. PC3, accounting for 18% of
the total variation, and salinity contributed 60%
to PC3 (Fig. 2B).
PC1 was not associated with crab effects

(Appendix S3: Fig. S3). PC2 and PC3 were asso-
ciated with crab effects on cordgrass (Fig. 3). Of
the six main contributors to PC1, PC2, PC3
(Table 1), only salinity had a functional relation-
ship with LRR. Salinity had a best fitting
polynomial model with a quadratic function,
suggesting a threshold that represents a shift in
the direction of crab effects. Salinity and LRR
had a positive quadratic function, suggesting
that crabs had a positive effect on cordgrass
cover at sites with low and high salinity (vertex =
43 ppt; Fig. 3C). Ammonium was marginally
related to LRR (P = 0.105; Fig. 3D). Crabs had
no effect on cordgrass cover at low ammonium
levels, enhanced cordgrass cover at intermediate
levels, and negatively impacted cordgrass at high
levels (Fig. 3).
The best fitting multivariate model (Appendix S3:

Table S2) was generally similar to univariate
regressions (Fig. 3). Crab effects on cordgrass
were best explained by ammonium and salinity
(Appendix S3: Table S2). Ammonium and salin-
ity parameters were significant when site varia-
tion was accounted for in the model, suggesting
that crab effects can be explained beyond site
variation.

DISCUSSION

Environmental conditions mediated crab
impacts on plants. We found that two principle
components explained variation in burrower
impacts on cordgrass. Further, four environmen-
tal factors (ammonium, grazing pressure, nitrate,
and salinity) contributed primarily to crab
impacts. Crab effects contrasted between regions,
in part because grazing pressure was higher in
warmer, southern regions, and depended upon
ambient soil conditions (i.e., salinity and ammo-
nium). Crabs positively impacted cordgrass

Fig. 1. Effect of crabs on cordgrass cover at each
site-year combination. Log Response Ratios (LRR; +
95% confidence intervals) represent the directional
effect of crabs on cordgrass cover. LRRs are arranged
top to bottom by site, and chronologically by year
within sites. Positive values indicate that crabs
enhanced cordgrass cover. An average LRR for all site-
year combinations is shown at the bottom. Symbols
represent years, and colors represent sites.
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at salinity extremes, but had no effect at interme-
diate salinities. The dependence of crab effects on
edaphic conditions suggests that projected inter-
annual variability in temperature, precipitation,
and nutrients could lead to more temporally
variable impacts of crabs on cordgrass.

Crabs positively impacted cordgrass at salinity
extremes below ~40 ppt and above ~50 ppt, but
had no effect at intermediate salinities. The posi-
tive impacts of crabs at lower salinities could be
related to higher growth rates of cordgrass
allowing plants the maximum capacity to
respond to crabs, or higher activities of burrow-
ing crabs (Crain et al. 2004, Pennings et al. 2005).
The mechanism by which crabs positively influ-
enced cordgrass at high salinities is less clear.
Unlike other studies (Smith et al. 2009, Pestana
et al. 2017), crabs did not influence salinity (this
study and Walker et al. 2020). Therefore, other
environmental factors may control crab–plant
interactions at high salinities. For example, often
high salinities due to high evapotranspiration are
associated with higher levels of sulfide (Men-
delssohn and Morris 2000).
Because soil salinity generally mediates the out-

comes of plant-animal interactions, especially in
salt marshes (Silliman et al. 2005, Long and
Porturas 2014), increased interannual variation in
precipitation patterns will likely modify how
marsh plants interact with animals. For example,
the resulting salinity changes driven by precipita-
tion will mediate how cordgrass interacts with

Fig. 2. Two-dimensional correlation-based principal component analysis (PCA) ordination of the treatment-
year-site combinations, for a total of 6 samples per site (30 samples total), for (A) PC1 vs. PC2 and (B) PC1 vs
PC3. PC1, PC2, and PC3 accounted for 65% of the total variation across the five sites sampled. Symbols represent
years, and colors represent sites. Numbers represent variables: (1) Burrow diameter, (2) Salinity, (3) Nitrate, (4)
Ammonium, (5) Cordgrass to pickleweed consumption, (6) Estimated grazing pressure.

Table 1. Contributions of variables to PC1, PC2, and
PC3. PC1 accounted for 26% of the total variation
and was correlated with cordgrass to pickleweed
consumption and burrow diameter.

Variable Contribution (%)

PC1
Cordgrass to pickleweed consumption 36
Burrow diameter 34

PC2
Nitrate 32
Estimated grazing pressure 30
Ammonium 23

PC3
Salinity 60

Notes: PC2 accounted for 21% of the total variation and
was correlated with nitrate, estimated grazing pressure, and
ammonium. PC3 accounted for 18% of the total variation
and was correlated with salinity. Variables were only included
if they contributed >20% to either PC1, PC2, or PC3.
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snails, insects, and crabs. Increased grazing pres-
sure from snails during dry years with reduced
runoff and higher salinities may lead to runaway
consumption and increased loss of salt marsh
habitat (Silliman et al. 2005). Compensatory
responses of cordgrass to scale insects were medi-
ated by salinity (e.g., overcompensation was
observed at salinity extremes and undercompensa-
tion was observed at intermediate salinities, Long
and Porturas 2014). Finally, our current study sug-
gests that salinity mediates interactions of cord-
grass with crabs in a non-linear way. The diversity
of interactions that salinity regulates combined
with the foundational role played by cordgrass
suggests that future changes in salinity will influ-
ence the structure and functioning of these impor-
tant ecosystems in ways that may not be
predictable from simple linear models.

Crabs tended to have no effect on cordgrass at
low levels of ammonium (<~70 µM), positive
impacts on cordgrass at intermediate levels of
ammonium, and negative effects at high levels
of ammonium (>92 µM). Stimulatory impacts of
crabs on cordgrass may be impaired at low ammo-
nium levels because nutrient-limited plants cannot
respond to crabs. At high ammonium levels,

however, at least two mechanisms may explain
the negative effect of crabs. First, positive plant
responses may be countered by increased grazing
on higher quality plants (Cronin and Hay 1996a,
Silliman and Zieman 2001). Second, positive plant
responses may be prevented if high ammonium
levels stress plants. Such ammonium toxicity has
been demonstrated for eelgrass at concentrations
found in our study (van Katwijk et al. 1997).
In northern California, crab effects were neu-

tral to negative, while in southern California,
crab effects were neutral to positive. This regio-
nal pattern could have been driven by regional
differences in crab behavior or abiotic factors.
Estimated grazing pressure, a main contributor
to crab impacts, was 49 higher in southern Cali-
fornia marshes than northern California marshes
(Appendix S3). Higher grazing rates in southern
California may have stimulated cordgrass pro-
duction via compensatory growth responses—a
phenomenon previously described for southern
populations of this cordgrass species (Long and
Porturas 2014). In addition to regional differences
in grazing pressure, regional patterns in temper-
ature and precipitation may have influenced dif-
ferences in crab effects. Southern marshes

Fig. 3. Functional relationships between Log Response Ratios (LRR: the effect of crabs on cordgrass cover) and
(A) PC2, (B) PC3, (C) salinity, and (D) ammonium. Lines represent quadratic models; R2 reported for relation-
ships. Symbols represent years, and colors represent sites.
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experience harsher conditions because of higher
temperatures and lower rainfalls via higher
evapotranspiration. As a result, our finding that
positive impacts of crabs were present only in
southern marshes is consistent with the stress
gradient hypothesis that predicts shifts toward
positive interspecific interactions in harsh envi-
ronments (Bertness and Callaway 1994, Bruno
et al. 2003, Brooker et al. 2008). Further research
is needed to fully understand the mechanism
driving crab effects on plants.

In contrast to all other sites, crabs at BOD nega-
tively impacted cordgrass, perhaps because plants
at the northern limit of Pacific cordgrass (Ayres
et al. 2003) are more stressed and/or restricted by
a relatively short growing season and slow
growth rates. Plant responses to crabs (e.g., com-
pensatory growth, inducible defenses, nutrient
uptake) may be impaired when plants are
stressed or growing slowly. Three observations
support the hypothesis that BOD plants were
more stressed. First, unlike all the other sites,
BOD cordgrass did not flower (Appendix S2:
Fig. S4; Walker et al. 2020). Second, BOD cord-
grass was ~20% shorter than the other sites. Third,
ammonium levels at BOD were ~359 higher than
the site with the lowest ammonium levels (TOM),
perhaps because of a reduced ability of cordgrass
to uptake ammonium and slow rates of growth
(Bradley and Morris 1990, Alldred et al. 2017).

In addition to the environmental factors we
considered, predators could have influenced bur-
rowing crab–plant interactions. While we did not
rigorously compare predator populations across
our sites, we note that Tomales Bay (TOM) and
BOD were the only sites where we observed the
predatory, Carcinus maenas (European green
crab) in our plots. At TOM, C. maenas comprised
20% of crab sitings, while only six crabs were
sited at BOD and in only 2019 (Appendix S1:
Table S1). Such differences in the predator com-
munity could have influenced burrower impacts
on cordgrass. For example, C. maenas could have
contributed to the neutral effect of burrowers on
cordgrass at Tomales Bay by suppressing P. cras-
sipes activity. Such an effect might be predicted
by the numerous studies, demonstrating that
green crab cues suppress feeding activity of graz-
ers (Trussell et al. 2003, Kimbro et al. 2009). We
are unaware of studies examining P. crassipes
responses to predation risk by C. maenas.

Although P. crassipes strongly influenced cord-
grass production in certain times and places (in
both positive and negative directions), we did
not find crab effects in 70% of our site-year com-
binations (Fig. 1). These results contrast with
studies that consistently found that Sesarma retic-
ulatum (purple marsh crab) suppresses cordgrass
production in marshes of the northeastern Uni-
ted States (Holdredge et al. 2009, Coverdale
et al. 2012, Bertness et al. 2014). Such negative
impacts of S. reticulatum are beginning to occur
in southeastern marshes of the United States
(Crotty et al. 2020). These contrasting results
could be explained by regional or species-specific
impacts. Although crabs negatively impacted
cordgrass at high ammonium and intermediate
salinities (this study), it seems unlikely that the
consistent negative impacts of S. reticulatum in
eastern marshes results from differences in ammo-
nium and salinity relative to western marshes.
Rather, we hypothesize that S. reticulatum may
exert stronger grazing pressure on cordgrass than
does P. crassipes—thereby leading to S. reticula-
tum’smore consistent and negative impacts.
Recently, salt marsh conservation has focused

on determining the resiliency of these important
ecosystems to climate change, especially sea-
level rise (Morris et al. 2002, Mudd et al. 2010,
Fitzgerald and Hughes 2019). Many marshes
without sufficient sediment or without the space
to migrate upward in tidal elevation are at risk of
increased inundation with consequences for both
burrowers and marsh plants. For example, at
BOD where plants are already restricted by a rel-
atively short growing season and slow growth
rates, sea-level rise may exacerbate the negative
effects of crabs on plants. Incorporating crab
impacts and climate change into models of salt
marsh functions will improve our understanding
of resiliency and, ultimately, how these complex
ecosystems will adapt to future change.
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