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Abstract

Recent studies in coastal wetlands have indicated that consumers may play an important

role in regulating large-scale ecosystem processes. Predator removal experiments have

shown significant differences in above-ground biomass production in the presence of higher

level consumers, or predators. These results indicate that predators play an important role

in regulating biomass production, but the extent to which this regulation impacts additional

ecosystem functions, such as nutrient cycling and organic matter accumulation, is unclear.

This study evaluated the impact that consumers have on large-scale ecosystem processes

within southern New England tidal wetlands and contributes to the general understanding of

trophic control in these systems. I established enclosure cages within three coastal wetlands

and manipulated the presence of green crab predators to assess how trophic interactions

affect ecosystem functions. Findings suggest that although these consumers may exert

some top-down effects, other environmental factors, such as other consumers not studied

here or bottom-up interactions, may variably play a larger role in the maintenance of ecosys-

tem processes within the region. These results indicate that the loss of top-down control as

an important mechanism influencing ecosystem functions may not hold for all wetlands

along the full extent of the New England coastline.

Introduction

Research in a wide variety of ecosystems has shown that trophic structure and species interac-

tions are important determinants of ecosystem function [1–10]. The loss of large apex preda-

tors within aquatic ecosystems, for instance, may impact phytoplankton density, affecting

primary production, CO2 uptake rates, and the direction of carbon flux between lakes and the

atmosphere [11–12]. These and other studies show that trophic interactions may be important

mediators of large-scale ecosystem processes, but the strength and degree to which these inter-

actions influence ecosystem functions is often dependent upon several variables, including

habitat type, community structure, abiotic factors, and anthropogenic impacts [13–15].

In wetland ecosystems, the reigning ecological paradigm has historically focused on the

importance of bottom-up control (predominance of nutrient supply) over top-down control

(predominance of top predator effects) in regulating key ecosystem functions and services

[16–19]. Yet, recent research in tidal salt marshes suggests that top-down factors, particularly
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the presence or absence of predator species, may have significant impacts on ecosystem func-

tions within these systems [20–26].

Along the northern New England coastline, the loss of native marine predators like blue

crabs (Callinectes sapidus) and striped bass (Morone saxatilis) due to intense recreational fish-

ing has released the herbivorous purple marsh crab (Sesarma reticulatum) from consumer

control [21]. This, in turn, has precipitated large-scale reductions in salt marsh area via over-

grazing and soil destabilization, indicating that top-down consumer-driven processes play a

much larger role in regulating the stability of these ecosystems than was previously thought

[23–26]. Such research challenges the historical notion that bottom-up factors exclusively reg-

ulate large-scale processes within wetland ecosystems. However, the generality of such results

has been limited in regional extent (i.e. northern vs southern New England) and in the evalua-

tion of ecosystem functions beyond primary production. Therefore, the purpose of this study

was to contribute to this general understanding of top-down versus bottom-up control within

salt marshes by evaluating the impact that consumers have on several large-scale ecosystem

processes. Here, I report on the experimental evaluation of the role that consumer species play

in determining above-ground biomass production and soil quality within several southern

New England tidal salt marsh ecosystems. Findings show that although the consumers studied

here may exert some top-down effects, other environmental factors may variably play a larger

role in the maintenance of ecosystem processes. These results indicate that the recent consen-

sus on top-down control as the key driver maintaining ecosystem processes may not hold in

all wetlands along the full extent of the New England coastline.

Materials and methods

Study system and hypotheses

This study was conducted at three sites along the Connecticut shoreline of Long Island Sound

on the northeast coast of the United States. Tidal salt marsh communities here are dominated

by salt-tolerant grasses, including smooth cordgrass (Spartina alterniflora), and myriad detriti-

vore, herbivore, and predator species. Marsh landscapes are most directly impacted by a hand-

ful of crustacean consumers, including fiddler crabs (Uca pugnax) and purple marsh crabs

(Sesarma reticulatum). The fiddler crab is a detritivore that alters the landscape through its

burrowing behavior and deposit feeding (e.g. sieving through sediment particulates for organic

matter) [27, 28]. The purple marsh crab is a burrowing herbivore that directly consumes

marsh vegetation above- and below-ground [22]. Together, the natural behaviors of these two

species may contribute to ecosystem functions, such as biomass production and soil quality,

within salt marsh ecosystems (Table 1). In particular, fiddler crabs acquire food by continu-

ously sifting through sediment for algae, microbes, fungus, and decaying detritus. This behav-

ior may decrease soil organic matter content, increase soil inorganic nitrogen availability, and

increase the rate of change in soil inorganic nitrogen (a proxy for mineralization rate) as the

Table 1. Predicted impact of fiddler crabs and purple marsh crabs on measured variables.

Burrow density Soil organic matter Soil nitrogen content Rate of change in soil nitrogen Above-ground biomass

Fiddler crabs + - + + +

Purple marsh crabs + - + + -

Combined effect + - + + +/-

The positive symbol indicates a predicted increase in the measured variable relative to control conditions where these species are absent while the negative symbol

indicates a predicted decrease in the measured variable relative to the same control conditions.

https://doi.org/10.1371/journal.pone.0197170.t001
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top layers of soil are constantly turned-over. Additionally, the maintenance of crab burrows

improves soil drainage, oxygenating marsh sediments, thus increasing decomposition of

plant-generated below-ground debris [28]. Primary production may then be positively im-

pacted by fiddler crab detritivory as a result of improved soil conditions [28–31]. Purple marsh

crabs, on the other hand, can directly decrease plant productivity through herbivory, while

also improving soil conditions through burrowing behavior [24, 29–32]. The net reduction in

plant biomass due to herbivory may also mean that less plant material is left to enter the detri-

tal chain and overall soil organic matter content is reduced.

Fiddler crabs and purple marsh crabs are also important dietary prey of the European green

crab (Carcinas maenas, hereafter ‘green crab’), a non-native and non-burrowing species found

along the New England coast. Introduced in the 1800s, the green crab has become an impor-

tant predator within these coastal marshes, supplanting native predators that have experienced

reduced population sizes [21, 33]. The presence or absence of this predator may moderate the

impact that its prey has on salt marsh ecosystem processes. In particular, if the presence of

green crab predators leads to reductions in the functional density of fiddler crabs and purple

marsh crabs, then the key processes that these prey species affect should be similarly altered

(Table 2). Specifically, green crab predators should facilitate an increase in soil organic matter

content, a decrease in soil inorganic nitrogen content and the rate of change in soil nutrient

content, and an increase above-ground biomass production (under the assumption that her-

bivory more strongly influences vegetation growth compared to improved soil conditions).

Study sites

I conducted field experiments between May and August 2015 in three tidal salt marshes situ-

ated along 20 miles of the Connecticut coastline: Farm River State Park in East Haven, CT,

USA (41˚15’21.82”N, 72˚51’24.12”W), Fence Creek marsh in Madison, CT, USA (41˚

16’33.25”N, 72˚35’10.24”W) and Hammonasset Beach State Park in Madison, CT, USA (41˚

15’59.88”N, 72˚33’30.30”W). This time period covers the growing season when each target spe-

cies was most active. These sites exhibited evidence of reduced predator populations as deter-

mined by observation of the extent of cordgrass overgrazing and the recession of the low

marsh. Fiddler and purple marsh crab population densities were high along the full extent of

the marsh as determined by observations and pitfall traps placed adjacent to each of the desig-

nated experimental plot areas (S1 Table). Pitfall traps were constructed using 2.5-quart plastic

buckets and 7.5 cm diameter open-top plastic cylinders (empty tennis ball cans) with drainage

holes drilled in the bottom and sunk until the top edge was flush with the marsh substrate.

Eight traps, four of each type, per site were placed >2m apart and left unbaited for 24 hours in

May 2015 and checked the following day at low tide. Predator crabs were targeted using one

baited and one unbaited Quonset crab pots placed adjacent to experimental treatment plots

along the salt marsh creek edge where the tide was guaranteed to submerge the traps during

the tidal regime. Pots were deployed overnight in each site on five separate occasions in May

2015 and were largely unsuccessful in collecting predator species, indicative of reduced popu-

lations within the region (S1 Table).

Table 2. Predicted impact of predator addition (“Pred”) and predator exclusion (“No pred”) treatments on measured variables.

Burrow density Soil organic matter Soil nitrogen content Rate of change in soil nitrogen Above-ground biomass

Pred - + - - +

No pred + - + + -

The positive symbol indicates a predicted increase in the measured variable relative to control conditions while the negative symbol indicates a predicted decrease in the

measured variable relative to control conditions.

https://doi.org/10.1371/journal.pone.0197170.t002
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Ethics statement and permits

Research in each of the study sites was approved by the Connecticut Department of Energy

and Environmental Protection (DEEP). The Certificate of Permission (certificate number:

201503241-KR) specifies access and use of Farm River State Park, Fence Creek Marsh, and

Hammonasset Beach State Park for the research and non-vertebrate animal use described

below. As coastal tidal wetlands, each site included in this study is defined as protected and use

was limited to those specified in the following experimental methods. No protected species

were sampled for this study.

Enclosure experiment

Within each wetland, I established experimental plots in groups of four (two manipulation

plots, two non-manipulation control plots) and randomly placed these groups along the creek-

bank edge of the low marsh where smooth cordgrass was the dominant plant. Each site con-

tained 24 plots representing 6 replicates of the four treatments with the exception of Hammo-

nasset Beach State Park, where treatments could only be replicated 5 times due to space

limitations. Manipulation plots were constructed using 0.6cm x 0.6cm galvanized wire cloth

formed into a circular cage standing approximately 1m tall with a 1m2 basal area. One non-

manipulation control plot in each grouping was identical to manipulation plots except along

opposing sides of each cage, a 0.5m x 0.5m opening was made to allow for access to all target

species. The purpose of this plot was to evaluate the effect that the cage itself might have on the

outcome of the experiment. All cages were then sunk into the marsh surface to a depth of

approximately 0.3m, leaving 0.5x 0.2m openings exposed in the non-manipulation cage con-

trol. The remaining non-manipulation control was an open-field plot with no cage and was

used to evaluate baseline site conditions to which manipulation plots were compared. This

overall arrangement ensured that all non-predatory target species (i.e. fiddler crabs and purple

marsh crabs) could move freely through cages by either crawling between/above the wire mesh

or via burrowing underneath the sunken cage, while target predator species were either fully

limited from or fully confined to manipulation cages.

Manipulation plots were then assigned to one of two treatments: (1) Predator Exclusion

and (2) Predator Addition. The Predator Exclusion plots were unaltered and prevented access

to cages by the target predator species. The Predator Addition plots were stocked at average

field density (three individuals per cage) as determined by the literature for the region [34, 35]

using green crab individuals purchased from local bait and tackle shops during blackfin tuna

fishing season in June 2015. Green crabs used for stocking were all adults with a carapace

width ranging from 50mm to 75mm and were not individually sexed. Within all plots, three

holes created from initial soil samples were augmented to a diameter of 10cm and a depth of

20cm using a hand trowel. In the Predator Addition plots, these augmented holes served as

burrows and desiccation refuge for the non-burrowing green crab individuals.

Measurements and laboratory analyses

All measurements, with the exception of above-ground biomass and the rate of change in soil

nitrogen, were taken prior to the onset of the experiment in May to determine initial condi-

tions and again at the end of the experimental period in August to evaluate treatment effects.

Biomass and the rate of change in soil nitrogen were only evaluated at the end of the experi-

mental period in May.

Burrow density was used as a proxy for population density for fiddler crabs and purple

marsh crabs and is the standard measure used given the difficulty of accurately evaluating

number of individuals within a given area [36, 37]. I determined the burrow density by

Consumer control in tidal wetlands
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counting the number of burrow holes within the confines of each 1m2 experimental plot, with-

out differentiating between burrows made by fiddler and purple marsh crabs.

I determined soil organic matter content (SOM) using the standard loss-on-ignition (LOI)

method [38]. Three soil samples were collected from each plot using a hand trowel to form a

5cm diameter core to a depth of 20cm. Soil samples from each plot were homogenized and

oven-dried at 105˚C for 24 hours or to constant weight. Dried soil samples were then weighed

in porcelain crucibles (pre-weighed) and placed in a muffle furnace at 500˚C for at least 16

hours. Crucibles were cooled in a desiccator over calcium chloride and re-weighed. The LOI

content of samples were calculated as:

LOI;% ¼
Weight105 � Weight500

Weight105

� 100

I measured soil inorganic nitrogen concentration using a potassium chloride (KCl) extrac-

tion method [39]. Soil samples were collected from each plot using a hand trowel to form a

5cm diameter core. In the field, a 10g subsample of these cores was immediately placed into

prepared centrifuge tubes containing 25 mL of 2M KCl and shaken vigorously until well

mixed. Extracting soluble nitrogen in the field halted microbial processing of the nitrogen.

Bottles were stored in a cooler until transported to Yale laboratory facilities where they were

refrigerated overnight to allow the solution to separate and analyzed further the following day.

After separation, the supernatant was decanted and frozen until analysis. Solutions were then

thawed and analyzed for total extractable nitrogen content using a flow analyzer (Astoria 2:

Astoria-Pacific, Inc).

The rate of change in soil nitrogen was determined at the end of the experimental period in

August using a 31-day incubation followed by a KCl extraction [39, 40]. Use of this method

allows for a more accurate evaluation of treatment effects by minimizing the impact of poten-

tially confounding in situ variation in abiotic conditions, such as temperature and soil mois-

ture [40]. Soil samples were collected from each plot using the aforementioned method. Total

nitrogen content of soil representing Day 0 of the analysis was measured using the KCl method

described above upon sampling. An additional 20g of soil from each plot sample was added to

pre-weighed and labeled plastic urine cups. This additional sample was used to determine the

total nitrogen content of the soil at the end of the 31-day period. Each cup was covered loosely

in plastic wrap and sealed with a rubber band, allowing for air diffusion but maintaining mois-

ture content. Urine cups were placed in an incubator at 20˚C and maintained at 65% moisture

content, as determined by testing for the water holding capacity of each sample, for 31 days.

On Day 31, a 10g subsample of each incubated soil sample was taken and total nitrogen con-

tent was determined using the KCl method. The rate of change in soil nitrogen for each plot

was determined by calculating the difference between nitrogen content at Day 0 and Day 31

and dividing by the number of days [40].

Above-ground biomass was evaluated at the end of the growing season in August. All stand-

ing vegetation within each plot was collected by cutting plants at the ground level using garden

shears. All non-plant material was removed from vegetation prior to being placed in labeled

paper bags and immediately transported to Yale laboratory facilities. Bags were then left out to

air dry for several weeks before obtaining a dried weight using a top-loading scale [41].

Effect sizes and statistical analyses

The effect size for each response variable was calculated to quantify the magnitude and direc-

tion of manipulation treatment impacts. Here, effect size was defined as ln(Xe/Xc) where Xe

and Xc are the mean manipulation treatments and non-manipulation control ecosystem

Consumer control in tidal wetlands
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function response, respectively [42–44]. An effect size ln(Xe/Xc)> 0 means that treatments

had a positive impact on the measured ecosystem function relative to the control, ln(Xe/Xc) ~ 0

means that manipulations had no significant impact, and ln(Xe/Xc)< 0 means that treatments

had a negative impact on the measured ecosystem function relative to the control. These values

were not included in statistical analyses and were instead produced to highlight treatment

effects to investigate further.

I analyzed burrow density, organic matter, soil nitrogen, and above-ground biomass using

linear models and the rate of change in soil nitrogen was evaluated using a generalized linear

mixed-effects model (GLMM). For each model treatment and site were set as fixed effects with

initial conditions as a covariate, and block (i.e. treatment groupings) was set as the random

effect nested within site. This nesting allowed me to address any potential autocorrelation aris-

ing from nonindependence among treatment groups. Each model also included a treatment

by site interaction term to identify site-specific differences. For the model constructed for the

rate of change in soil nitrogen, the error distribution was visually estimated using histograms

and Q-Q plots fit to several known potential distributions and the goodness of fit for those

with the closest visual match was evaluated using the “fitdistrplus” library and Kolmogorov-

Smirnov test. The GLMM for the rate of change in soil nitrogen was then fit to a gamma error

distribution using a log link. For response variables that produced significant interaction

effects between treatment and site, additional models for individual sites were constructed to

determine context-dependency of treatment effects. For these, the aforementioned fixed and

random effects were used but “site” was removed from the model. Akaike information crite-

rion (AIC) scores and the fit of the data were used to select the best model for each response

variable. I analyzed the models using the “lme4” library [45] along with the “lmerTest” [46]

and “multcomp” libraries [47] to get significance estimates. When significant relationships

occurred, I performed Tukey contrasts to determine which means were significantly different.

Each response variable was also analyzed using a one-way ANOVA to test for differences

between the non-manipulation open plot and the non-manipulation cage plot. All statistical

analyses were conducted in RStudio (v. 1.0.136).

Results

Non-manipulation controls

For all response variables between and among sites, the cage control showed no difference from

the open control (S2 Appendix). These two categories were therefore combined to create one

main control treatment with which to evaluate differences between manipulation treatments.

All sites combined

Burrow density. The Predator Exclusion treatment (hereafter ‘No Pred’) and Predator

Addition treatment (hereafter ‘Pred’) were not significant predictors of burrow density relative

to the control (p>0.4, Table 3, Fig 1A). When compared to one another, the manipulation

treatments also did not differ with respect to burrow density (p>0.9).

Soil organic matter. The No Pred and Pred treatments were not significant predictors of

SOM relative to the control (p>0.1, Table 3, Fig 1B). Manipulation treatments also did not dif-

fer in terms of soil organic matter (p>0.9).

Soil inorganic nitrogen. The No Pred and Pred treatments were not significant predictors

of the change in soil nitrogen relative to the control (p> 0.5 Table 3, Fig 1C). The No Pred

and Pred treatments did not differ statistically (p>0.4).

Rate of change in soil inorganic nitrogen. The No Pred and Pred treatments were not

significant predictors of the change in soil nitrogen relative to the control (p>0.1, Table 3, Fig

Consumer control in tidal wetlands
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1D). Manipulation treatments also did not differ in terms of the rate of change in nitrogen

content (p>0.2).

Above-ground biomass. The No Pred treatment had marginally more above-ground bio-

mass (p = 0.0553) while the Pred treatment exhibited no difference compared to the control

(p>0.4). The No Pred and Pred treatments did not differ (p>0.6, Table 3, Fig 1E).

Site by site

Farm River State Park. Burrow density was not affected by the No Pred treatment com-

pared to the control but was marginally higher under the Pred treatment (p>0.9 and p =

0.0546, respectively, Table 4, Fig 2). Manipulation treatments did not differ with respect to any

of the response variables at this site (p>0.1). SOM was significantly lower in both the No Pred

and Pred treatments compared to the control (p = 0.0003 and p = 0.0021 respectively, Table 4,

Fig 2). Soil nitrogen was marginally lower in the Pred treatment (p = 0.0803) compared to the

control and was significantly lower compared to the No Pred treatment (p = 0.0412, Table 4,

Fig 2). There was no difference in soil nitrogen between the No Pred and control treatments.

There was no treatment effect on either the rate of change in soil nitrogen or above-ground

biomass at this site (p>0.3, Table 4).

Fence Creek. Treatment effects were only observed on soil inorganic nitrogen content

and above-ground biomass. The No Pred treatment had marginally more soil nitrogen com-

pared to the control (p = 0.05872, Table 4, Fig 2). The Pred treatment had significantly greater

soil nitrogen compared to the control (p = 0.00568), but did not differ compared to the No

Pred treatment (p>0.6, Table 4, Fig 2). Neither the No Pred nor the Pred treatments differed

from the control (p>0.1) in terms of biomass, but biomass was marginally higher in the No

Pred treatment compared to the Pred treatment (p = 0.091, Table 4, Fig 2).

Hammonasset Beach State Park. Burrow density was marginally lower in the Pred

treatment compared to both the control and No Pred treatments (p = 0.0573 and p = 0.0667

respectively, Table 4, Fig 2); SOM in the No Pred treatment and the control did not differ sig-

nificantly (p>0.9). SOM in the No Pred and Pred treatments was marginally (p = 0.071) and

significantly (p = 0.034) greater than that in the controls, respectively (Table 5, Fig 2). The

manipulation treatments did not differ with respect to SOM (p>0.9). Soil inorganic nitrogen

was significantly higher in the No Pred treatment compared to both the control (p = 0.0057)

and the Pred treatment (p = 0.015, Table 4, Fig 2) but the Pred treatment did not differ from

the control (p>0.9). There was no treatment effect on the rate of change in soil nitrogen.

Finally, the No Pred treatment had significantly more above-ground biomass than the control

(p = 0.00224, Table 4, Fig 2) but did not differ when compared to the Pred treatment (p>0.3),

which did not differ from the control treatment (p>0.1).

Discussion

In coastal wetland ecosystems, the reigning ecological paradigm has historically focused on the

importance of bottom-up rather than top-down control in regulating key ecosystem functions

Table 3. Effect size for each response variable with all site combined.

Burrow density Soil organic matter Soil nitrogen content Rate of change in soil nitrogen Above-ground biomass

Pred 0.01245 -0.10163 0.28768 0.48550 0.14719

No Pred 0.00416 -0.10629 0.30421 0.17768 0.27139

Effect size was defined as ln(Xe/Xc) where Xe and Xc are the mean manipulation treatments and non-manipulation control ecosystem function response, respectively.

Underlined values indicate marginal differences (p < 0.1) from the control.

https://doi.org/10.1371/journal.pone.0197170.t003
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and services [16–19]. However, recent studies have shown that consumer control plays a sig-

nificant role in the regulation of functions within these dynamic coastal ecosystems [20–26].

The results of this study contribute additional insight to this growing consensus by showing

that the role of consumers, while not insignificant, may vary in importance depending on envi-

ronmental context.

Fig 1. Response variable by treatment at the end of the experimental period. (A). Burrow density. (B) Soil organic matter (SOM). (C) Soil inorganic nitrogen content.

(D) Rate of change in soil inorganic nitrogen. (E) Above-ground biomass. Error bars indicate one standard error.

https://doi.org/10.1371/journal.pone.0197170.g001
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Predator impacts on ecosystem functions

All sites. Burrow density is a commonly-used proxy for population density for fiddler and

purple marsh crabs due to the difficulty of assessing the per capita population size of these spe-

cies [36, 37]. Burrow density did not differ between any of the treatments at the end of the

experimental period when combining all sites (Fig 1A), suggesting that treatment effects on

measured ecosystem variables may not be due to changes in species functional density but

instead may reflect shifts in consumer behavior [23]. At this scale, manipulation treatment

effects were only observed when evaluating above-ground biomass (Fig 1E).

Above-ground biomass was marginally higher in the Predator Exclusion treatment when

compared to the control across all sites, but the Predator Addition treatment did not differ

compared to either experimental treatment (Fig 1D). This is in opposition to original predic-

tions in which a loss of predators would release herbivorous prey from top-down consumer

control, leading to the overconsumption of above-ground vegetation. Three likely explanation

for the observed results are that (1) an increase in burrowing behavior and crab excrement in

cages without predators improved soil conditions enough for plant growth to counter losses

caused by herbivory [48]; (2) that the rate of plant biomass production increased over the

course of the experiment to compensate for losses due to unchecked herbivory [36]; and (3)

the Predator Exclusion cages had larger stocks of initial above-ground biomass and production

across the growing season maintained this difference between cages. Explanations 1–2 suggest

that the recent studies indicating consumer control of primary production in salt marshes may

not hold across all environmental contexts.

Farm River State Park. At Farm River State Park, burrow density did not differ in the

Predator Exclusion treatment compared to the control but the Predator Addition treatment

had marginally higher density relative to the control (Fig 2). The manipulation treatments did

not differ from one another in burrow density or at any of the remaining response variables.

An increase in burrow density within the Predator Addition treatment directly opposes initial

predictions in which the presence of predators would reduce the functional density of burrow-

ing crabs, thus reducing the number of burrows present. Prey species often shift their behavior

in the presence of a predatory threat [23] and here, a shift towards a higher production of bur-

rows to evade predation may explain these results.

SOM was significantly lower in both the Predator Exclusion and Predator Addition treat-

ments relative to the control (Fig 2). The similar quantitative response for SOM for both

manipulation types suggests that treatment effects did not drive these differences but that they

may instead have arisen from cages limiting access to other non-target consumers. As a detriti-

vore, fiddler crabs consume detritus and living microbial organisms, directly reducing soil

organic matter content [49]. Further, burrowing activity increases soil drainage (i.e. liquid

and gas exchange between the soil and environment), increasing soil oxidation, and thus

Table 4. Effect size for each response variable at each individual site.

Burrow density Soil organic matter Soil nitrogen content Rate of change in soil

nitrogen

Above-ground biomass

Pred No Pred Pred No Pred Pred No Pred Pred No Pred Pred No Pred

Farm 0.46090 0.31326 -0.24089 -0.25900 -0.50074 -0.06867 0.29650 0.21514 0.17459 -0.0053

Fence -0.10234 -0.12854 -0.07883 -0.08355 0.59079 0.33576 0.57858 -0.30316 -0.06123 0.22007

Hamm -0.42305 -0.23584 0.10070 0.10768 0.38865 0.50602 0.82685 0.151308 0.38158 0.54598

Effect size was defined as ln(Xe/Xc) where Xe and Xc are the mean manipulation treatments and non-manipulation control ecosystem function response, respectively.

Underlined values indicate marginal differences (p < 0.1) and bold values indicate significant differences (p < 0.05) from the control.

https://doi.org/10.1371/journal.pone.0197170.t004
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improving conditions to favor the decomposition of organic debris [50, 51–54]. Both mecha-

nisms may lead to a concomitant reduction in SOM. Additionally, cages may limit access to

consumers that would positively influence SOM availability either via changes in mineraliza-

tion rate or through direct inputs such as excrement. In each of these cases, the presence of

Fig 2. Response variable by treatment at the end of the experimental period at Farm River State Park, Fence Creek, and Hammonasset Beach State Park (A).

Burrow density. (B) Soil organic matter (SOM). (C) Soil inorganic nitrogen content. (D) Rate of change in soil inorganic nitrogen. (E) Aboveground biomass. Error bars

indicate one standard error.

https://doi.org/10.1371/journal.pone.0197170.g002
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experimental cages that fully restrict external consumer access would lead to both treatment

plots containing less SOM relative to the control.

Finally, although there was no difference in soil inorganic nitrogen between the Predator

Exclusion and control treatments, the Predator Addition treatment had marginally less soil

nitrogen compared to the control and significantly less nitrogen compared to the Predator

Exclusion treatment (Fig 2). This is consistent with the prediction that the presence of preda-

tors would lead to lower prey abundance and burrow production, causing an attendant reduc-

tion in soil inorganic nitrogen, but is inconsistent with the aforementioned burrow density

and SOM results at this site. Therefore, it may instead be that, in the presence of predators, soil

nitrogen is higher due to bioturbation as previously described, but the rate at which the

enclosed vegetation takes up these nutrients is also higher [55]. Under these conditions, the

amount of soil nitrogen available at the end of the experiment would then be less in the Preda-

tor Addition treatment relative to both control and Predator Exclusion treatments.

Overall results at this site indicate that ecosystem functions are variably influenced by top-

down consumer control, but that this control is inconsistent across treatments and response

variables. This suggests that there may be some context-dependency in how consumers impact

large scale ecosystem processes.

Fence Creek. At Fence Creek, there was no treatment impact on burrow density, which

again indicates that treatment effects on other measured variables may reflect behavioral shifts.

Here, treatment effects were only observed for soil inorganic nitrogen content and above-

ground biomass (Fig 2). Soil nitrogen was marginally higher in the Predator Exclusion treat-

ment relative to the control, and significantly higher in the Predator Addition treatment com-

pared to the control (Fig 2). Similar to Farm River State Park, this may reflect changes due to

restricted access due to the cages and not experimental treatment effects, per se. If predators

that consume fiddler and purple marsh crabs have limited access [56], an increase in burrow-

ing behavior in both manipulation cages could lead to a greater amount of soil nitrogen via the

ecosystem engineering and bioturbation mechanisms previously described. Above-ground

biomass was marginally higher in the Predator Exclusion treatment relative to the control but

did not differ in the Predator Addition treatment compared to the control (Fig 2). This may be

explained by the same three mechanisms posited in the discussion of above-ground biomass

across all sites combined [36, 48]. Overall, ecosystem functions at this site appear to be weakly

correlated with consumer control via the crab food-chain evaluated here and is likely much

more strongly influenced either by other non-target species or abiotic and bottom-up effects.

Hammonasset Beach State Park. At Hammonasset Beach State Park, burrow density was

marginally lower in the Predator Addition treatment compared to both the control and Preda-

tor Exclusion treatments (Fig 2). These results follow from initial expectations that the pres-

ence of predators would reduce the functional density and burrowing behavior of the fiddler

Table 5. Ecosystem variables: Predictions and observations by experimental treatment.

Ecosystem property Soil organic matter Soil nitrogen Rate of change in soil nitrogen Above-ground biomass

Pred No Pred Pred No Pred Pred No Pred Pred No Pred

Prediction + - - + - + + -

Observation -/0/+ -/0/+ -/+/0 + 0 0 0 0/0/+

The positive symbol indicates an increase in the response variable relative to control conditions while the negative symbol indicates a decrease in the response variable

relative to control conditions. Zero indicates no change relative to the control treatment. Cells with mixed symbols represent observed variation in response variable at

each site in the following order: Farm River, Fence Creek, and Hammonasset Beach State Park. Cells of observed responses with one symbol indicates that each site

responded the same way.

https://doi.org/10.1371/journal.pone.0197170.t005
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and purple marsh crabs. Here, the Predator Exclusion treatment had marginally more SOM

compared to the control while the Predator Addition treatment had significantly more SOM

relative to the control (Fig 2). More SOM suggests either reduced consumption of particulate

organic matter or a decrease in decomposition, both of which can be due to a decline in fiddler

and purple marsh crab abundance or shifts in behavior [49–54]. Casual observations at this

site showed evidence of larger non-crustacean predator populations (e.g. egrets, night herons,

etc), potentially altering prey abundance and behavior in addition to changes induced by

experimental treatments [57]. Thus, consumption due to non-target predators that were not

restricted to access to prey by cages may have influenced the increase in SOM observed in the

Predator Exclusion cages while the additional stress of predators present in the Predator Addi-

tion cages may explain the larger SOM response.

Soil inorganic nitrogen was significantly higher in the Predator Exclusion treatment when

compared to both the control and the Predator Addition treatment (Fig 2). This follows from

original predictions but is not consistent with burrow density results at this site. This again

may be due to the possibility of increased burrow production that is not captured in the data

due to burrow collapse caused by the tidal regime. Additionally, an increase in soil nitrogen

may be attributed to direct inputs in the form of crab excrements and the decomposition of

SOM, which may have been predictably higher in cages where prey abundance was greater due

to refuge from predators [28, 29, 58].

Lastly, the Predator Exclusion treatment had significantly more above-ground biomass

compared to controls at Hammonasset but no other differences were observed among treat-

ments (Fig 2). This may be explained by the same three mechanisms posited in the discussion

of above-ground biomass across all sites combined [36, 48]. Overall results at this site indicate

that consumers do have an effect on large scale ecosystem processes, but that their influence

may be largely context-dependent.

Implications. Consumer interactions play a significant role in ecosystem functioning of

ecosystems ranging from the rocky intertidal zone to arctic tundra systems [10–11, 21, 59–62].

These interactions regulate not only species functional density and behaviors, but also primary

production, nutrient availability, and other dynamic ecosystem processes. Ecosystem function-

ing historically been thought to be driven primarily from bottom-up processes mediated

through plant-soil interactions [16–19], but recent evidence suggests that consumers may play

a much larger role in regulating functions and services under certain anthropogenic condi-

tions [23–25]. With the caveat that these observations occurred over the course of one growing

season, the results of this study build on growing evidence indicating that consumers may play

an important role in regulating functions, but this control may be highly context-dependent.

In particular, neither the presence nor the absence of predators consistently impacted

important variables such as above-ground biomass and soil quality across all sites; however,

these measures were variably impacted when treatments were compared within each experi-

mental site (Table 5). This suggests that, within these landscapes, both biotic and abiotic fac-

tors may impact the level of ecosystem functioning. Though less indicative of consistent

control by the consumers evaluated here, changes observed in soil organic matter content and

soil nitrogen availability expand on the current literature and indicate that consumer impacts

are not confined to changes in biomass [20], but may also trickle down to impact additional

larger-scale ecosystem processes.

As a critically important ecosystem throughout the world, wetlands provide services and

benefits that other ecosystems do not. Thus, understanding the processes that regulate func-

tions and processes within these systems is crucial. This study adds to growing literature indi-

cating a need to evaluate wetland systems holistically, focusing not only the biological and

ecological drivers of change, but also the contexts in which those changes are occurring. By
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doing so, we improve our ability to understand and safeguard the functions of these valuable

and threatened ecosystems.

Supporting information

S1 File. All of the data collected from enclosure experiment. Burrow density units are num-

ber of burrows per square meter, soil inorganic nitrogen units are milligram nitrogen per

gram of soil, rate of change in soil nitrogen (“Mineral”) units are milligram nitrogen per gram

of soil per day, soil organic matter (“OM”) was measured as the proportion organic matter

content per g of soil, and above-ground biomass units are gram per square meter.

(XLSX)

S1 Appendix. R code used for all statistics for this project. This includes linear mixed mod-

els and GLMM to assess the effect of treatment on each response variable.

(R)

S2 Appendix. Results for ANOVA tests conducted to evaluate differences between the two

non-manipulation control plots at each response variable with the exception of the rate of

change in nitrogen. These data were not available for the non-manipulation cage control and

were therefore not included in any analyses.

(DOCX)

S1 Table. Initial survey of consumer and predator abundance by site.

(DOCX)

Acknowledgments

I thank R. Buchkowski, K. Burghardt, A. Rosenblatt, M. Smylie, K. Urban-Mead, and M.

VanAcker for field assistance, O. Schmitz, P. Raymond, and M. Bradford for advice on experi-

mental design, and R. Buchkowski and M. Lambert for guidance on statistical analyses.

Author Contributions

Conceptualization: Alexandria Moore.

Data curation: Alexandria Moore.

Formal analysis: Alexandria Moore.

Funding acquisition: Alexandria Moore.

Investigation: Alexandria Moore.

Methodology: Alexandria Moore.

Writing – original draft: Alexandria Moore.

Writing – review & editing: Alexandria Moore.

References
1. Belovsky GE, Slade JB. Insect herbivory accelerates nutrient cycling and increases plant production.

Proceedings of the National Academy of Sciences of the United States of America. 2000; 97(26):

14412–14417. https://doi.org/10.1073/pnas.250483797 https://doi.org/10.1073/pnas.250483797

PMID: 11106378

2. Coll M., Hargadon K. Trophic and functional cascades in tropical versus temperate aquatic microcosms.

Aquatic Ecology. 2012; 46(1): 55–71. https://doi.org/10.1007/s10452-011-9381-9

Consumer control in tidal wetlands

PLOS ONE | https://doi.org/10.1371/journal.pone.0197170 May 17, 2018 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197170.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197170.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197170.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197170.s004
https://doi.org/10.1073/pnas.250483797
https://doi.org/10.1073/pnas.250483797
http://www.ncbi.nlm.nih.gov/pubmed/11106378
https://doi.org/10.1007/s10452-011-9381-9
https://doi.org/10.1371/journal.pone.0197170


3. Daskalov GM, Grishin AN, Rodionov S, Mihneva V. Trophic cascades triggered by overfishing reveal

possible mechanisms of ecosystem regime shifts. Proceedings of the National Academy of Sciences of

the United States of America. 2007; 104(25): 10518–23. https://doi.org/10.1073/pnas.0701100104

https://doi.org/10.1073/pnas.0701100104 PMID: 17548831

4. Duffy J, Cardinale B, France K. The functional role of biodiversity in ecosystems: incorporating trophic

complexity. Ecology Letters. 2007; 10(6): 522–38. https://doi.org/10.1111/j.1461-0248.2007.01037.x

https://doi.org/10.1111/j.1461-0248.2007.01037.x PMID: 17498151

5. Lubchenco J. Plant species diversity in a marine interdital community. The American Naturalist. 1978;

112(983): 23–39.

6. Persson IL, Pastor J, Danell K, Bergström R. Impact of moose population density on the production and

composition of litter in boreal forests. Oikos. 2005; 108(2): 297–306. https://doi.org/10.1111/j.0030-

1299.2005.13844.x

7. Schmitz OJ. Predators have large effects on ecosystem properties by changing plant diversity, not plant

biomass. Ecology. 2006; 87(6): 1432–1437. PMID: 16869417

8. Schmitz OJ. Top predator control of plant biodiversity and productivity in an old-field ecosystem. Ecol-

ogy Letters. 2003; 6: 156–163. https://doi.org/10.1046/j.1461-0248.2003.00412.x

9. Schmitz OJ. Perturbation and abrupt shift in trophic control of biodiversity and productivity. Ecology Let-

ters. 2004; 7(5): 403–409. https://doi.org/10.1111/j.1461-0248.2004.00592.x

10. Schmitz OJ, Hawlena D, Trussell GC. Predator control of ecosystem nutrient dynamics. Ecology Let-

ters. 2010; 13(10): 1199–209. https://doi.org/10.1111/j.1461-0248.2010.01511.x https://doi.org/10.

1111/j.1461-0248.2010.01511.x PMID: 20602626

11. Estes JA, Terborgh J, Brashares JS, Power ME, Berger J, Bond WJ, et al. Trophic downgrading of

planet Earth. Science. 2011; 333(6040): 301–6. https://doi.org/10.1126/science.1205106 https://doi.

org/10.1126/science.1205106 PMID: 21764740

12. Schmitz OJ, Raymond PA, Estes JA, Kurz WA, Holtgrieve GW, Ritchie ME, et al. Animating the carbon

cycle. Ecosystems. 2014; 17(2): 344–359. https://doi.org/10.1007/s10021-013-9715-7

13. Strong DR. Are Trophic Cascades All Wet? Differentiation and donor-control in speciose ecosystems.

Ecology. 1992; 73(3): 747–754. https://doi.org/10.2307/1940154

14. Bertness MD, Silliman BR. Consumer control of salt marshes driven by human disturbance. Conserva-

tion Biology. 2008; 22(3): 618–23. https://doi.org/10.1111/j.1523-1739.2008.00962.x https://doi.org/10.

1111/j.1523-1739.2008.00962.x PMID: 18577090

15. Smith-Ramesh LM, Moore AC, Schmitz OJ. Global synthesis suggests that food web connectance cor-

relates to invasion resistance. Global Change Biology. 2017; 23: 465–473. https://doi.org/10.1111/gcb.

13460 https://doi.org/10.1111/gcb.13460 PMID: 27507321

16. Odum EP, Smalley AE. Comparison of population energy flow of an herbivorous and a deposit-feeding

invertebrate in a salt marsh ecosystem. Proceedings of the National Academy of Sciences. 1959; 45:

617–622.

17. Smalley AE. Energy flow of a salt marsh grasshopper population. Ecology. 1960; 41(4): 672–677.

18. Teal JM. Energy flow in the salt marsh ecosystem of Georgia. Ecology. 1962; 43(4): 614–624.

19. Sala NM., Bertness MD, Silliman BR. The dynamics of bottom-up and top-down control in a New

England salt marsh. Oikos. 2008; 117(7): 1050–1056. https://doi.org/10.1111/j.2008.0030-1299.

16296.x

20. He Q., Silliman BR. Consumer control as a common driver of coastal vegetation worldwide. Ecological

Monographs. 2016; 86(3): 278–294. https://doi.org/10.1890/07-1861.1

21. Altieri AH, Bertness MD, Coverdale TC, Herrmann NC, Angelini C. A trophic cascade triggers collapse

of a salt-marsh ecosystem with intensive recreational fishing. Ecology. 2012; 93(6): 1402–10. PMID:

22834380

22. Holdredge C, Bertness MD, Altieri AH. Role of crab herbivory in die-off of New England salt marshes.

The Journal of the Society for Conservation Biology. 2009; 23(3): 672–9. https://doi.org/10.1111/j.

1523-1739.2008.01137.x

23. Coverdale TC, Axelman EE, Brisson CP, Young EW, Altieri AH, Bertness MD. New England salt marsh

recovery: Opportunistic colonization of an invasive species and its non-consumptive effects. PLoS

ONE. 2013; 8(8): 1–8. https://doi.org/10.1371/journal.pone.0073823

24. Bertness MD, Brisson CP, Bevil MC, Crotty SM. Herbivory drives the spread of salt marsh die-off. PloS

One. 2014a; 9(3)” e92916. https://doi.org/10.1371/journal.pone.0092916

25. Bertness MD, Brisson CP, Coverdale TC, Bevil MC, Crotty SM, Suglia ER. Experimental predator

removal causes rapid salt marsh die-off. Ecology Letters. 2014b: https://doi.org/10.1111/ele.12287

Consumer control in tidal wetlands

PLOS ONE | https://doi.org/10.1371/journal.pone.0197170 May 17, 2018 14 / 16

https://doi.org/10.1073/pnas.0701100104
https://doi.org/10.1073/pnas.0701100104
http://www.ncbi.nlm.nih.gov/pubmed/17548831
https://doi.org/10.1111/j.1461-0248.2007.01037.x
https://doi.org/10.1111/j.1461-0248.2007.01037.x
http://www.ncbi.nlm.nih.gov/pubmed/17498151
https://doi.org/10.1111/j.0030-1299.2005.13844.x
https://doi.org/10.1111/j.0030-1299.2005.13844.x
http://www.ncbi.nlm.nih.gov/pubmed/16869417
https://doi.org/10.1046/j.1461-0248.2003.00412.x
https://doi.org/10.1111/j.1461-0248.2004.00592.x
https://doi.org/10.1111/j.1461-0248.2010.01511.x
https://doi.org/10.1111/j.1461-0248.2010.01511.x
https://doi.org/10.1111/j.1461-0248.2010.01511.x
http://www.ncbi.nlm.nih.gov/pubmed/20602626
https://doi.org/10.1126/science.1205106
https://doi.org/10.1126/science.1205106
https://doi.org/10.1126/science.1205106
http://www.ncbi.nlm.nih.gov/pubmed/21764740
https://doi.org/10.1007/s10021-013-9715-7
https://doi.org/10.2307/1940154
https://doi.org/10.1111/j.1523-1739.2008.00962.x
https://doi.org/10.1111/j.1523-1739.2008.00962.x
https://doi.org/10.1111/j.1523-1739.2008.00962.x
http://www.ncbi.nlm.nih.gov/pubmed/18577090
https://doi.org/10.1111/gcb.13460
https://doi.org/10.1111/gcb.13460
https://doi.org/10.1111/gcb.13460
http://www.ncbi.nlm.nih.gov/pubmed/27507321
https://doi.org/10.1111/j.2008.0030-1299.16296.x
https://doi.org/10.1111/j.2008.0030-1299.16296.x
https://doi.org/10.1890/07-1861.1
http://www.ncbi.nlm.nih.gov/pubmed/22834380
https://doi.org/10.1111/j.1523-1739.2008.01137.x
https://doi.org/10.1111/j.1523-1739.2008.01137.x
https://doi.org/10.1371/journal.pone.0073823
https://doi.org/10.1371/journal.pone.0092916
https://doi.org/10.1111/ele.12287
https://doi.org/10.1371/journal.pone.0197170


26. Silliman BR, Bertness MD. A trophic cascade regulates salt marsh primary production. Proceedings of

the National Academy of Sciences of the United States of America. 2002; 99(16): 10500–5. https://doi.

org/10.1073/pnas.162366599 https://doi.org/10.1073/pnas.162366599 PMID: 12149475

27. Miller DC. The feeding mechanism of fiddler crabs, with ecological considerations of feeding adapta-

tions. Zoologica. 1961; 46: 89–101.

28. Bertness MD. Fiddler crab regulation of Spartina alterniflora production on a New England salt marsh.

Ecology. 1985; 66(3): 1042–1055.

29. Smith NF, Wilcox C, Lessmann JM. Fiddler crab burrowing affects growth and production of the white

mangrove (Laguncularia racemosa) in a restored Florida coastal marsh. Marine Biology. 2009; 156

(11): 2255–2266. https://doi.org/10.1007/s00227-009-1253-7.

30. Gribsholt B, Kostka JE, Kristensen E. Impact of fiddler crabs and plant roots on sediment biogeochem-

istry in a Georgia salt marsh. Marine Ecology Progress Series. 2003; 259: 237–251.

31. Penha-Lopes G, Bartolini F, Limbu S, Cannicci S, Kristensen E, Paula J. Are fiddler crabs potentially

useful ecosystem engineers in mangrove wastewater wetlands? Marine Pollution Bulletin. 2009; 58:

1694–1703. https://doi.org/10.1016/j.marpolbul.2009.06.015 PMID: 19643448

32. Coverdale TC, Altieri AH, Bertness MD. Belowground herbivory increases vulnerability of New England

salt marshes to die-off. Ecology. 2012; 93(9): 2085–2094. PMID: 23094380

33. Bertness MD, Coverdale TC. An invasive species facilitates the recovery of salt marsh ecosystems on

Cape Cod. Ecology. 2013; 94(9): 1937–43. PMID: 24279265

34. Gregory GJ, Quijon PA. The impact of a coastal invasive predator on infaunal communities: Assessing

the roles of density and a native counterpart. Journal of Sea Research. 2011; 66:181–186.

35. Bertness MD, Coverdale TC. An invasive species facilities the recovery of a salt marsh ecosystem on

Cape Cod. Ecology. 2013; 94(9): 1937–1943. PMID: 24279265

36. Gittman RK, Keller DA. Fiddler crabs facilitate Spartina alterniflora growth, mitigating periwinkle over-

grazing of marsh habitat. Ecology. 2013; 94(12): 2709–2718. PMID: 24597218

37. Coverdale TC, Brisson CP, Young EW, Yin SF, Donnely JP, Bertness MD. Indirect human impacts

reverse centuries of carbon sequestration and salt marsh accretion. PLoS ONE. 2014; 9(3): e93296.

https://doi.org/10.1371/journal.pone.0093296 PMID: 24675669

38. Nelson D, Sommers L. Total Carbon, Organic Carbon, and Organic Matter. In Methods of Soil Analysis.

Part 3. Chemical Methods (SSSA Book). Soil Science Society of America and American Society of

Agronomy. 1996.

39. Robertson G, Coleman D, Bledsoe C, Sollins P. Standard soil methods for long-term ecological

research. Oxford University Press, New York, NY. 1999.

40. Robertson GP, Wedin D, Groffman PM, Blair JM, Holland EA, Nadelhoffer KJ, et al. Soil carbon and

nitrogen availability: nitrogen mineralization, nitrification, and soil respiration potentials. In: Robertson

GP, Bledsoe CS, Coleman DC, Sollins P, editors. Standard soil methods for long-term ecological

research. Oxford University Press, New York. 1999. pp. 258–271.

41. Strickland MS, Hawlena D, Reese A, Bradford MA, Schmitz OJ. Trophic cascade alters ecosystem car-

bon exchange. Proceedings of the National Academy of Sciences. 2013; 110(27): 11035–11038.

42. Osenberg CW, Sarnelle O, Cooper SD. Effect size in ecological experiments: the application of biologi-

cal models in meta-analysis. The American Naturalist. 1997; 150:798–812. https://doi.org/10.1086/

286095 PMID: 18811337

43. Hedges LV, Gurevitch J, Curtis PS. The meta- analysis of response ratios in experimental ecology.

Ecology. 1999; 80:1150–1156.

44. Salvo P, Banks PB, Dickman CR, Korpimaki E. Predator manipulation experiments: impacts on popula-

tions of terrestrial vertebrate prey. Ecological Monographs. 2010; 80(4): 531–546.

45. Bates D, Maechler M, Bolker B, Walker S. Fitting linear mixed-effects models using lme4. Journal of

Statistical Software. 2015; 67(1): 1–48.

46. Kuznetsova A, Brockhoff P, Christensen R. Tests in Linear Mixed Effects Models. 2016.

47. Hothorn T, Bretz F, Westfall P. Simultaneous Inference in General Parametric Models. Biometrical

Journal. 2008; 50(3): 346–363. https://doi.org/10.1002/bimj.200810425 PMID: 18481363

48. Smith NF, Wilcox C, Lessmann JM. Fiddler crab burrowing affects growth and production of the white

mangrove (Lanuncularia racemosa) in a restored Florida coastal marsh. Marine Biology. 2009. https://

doi.org/10.1007/s00227-009-1253-7

49. Bertness MD, Holdredge C, Altieri AH. Substrate mediates consumer control of salt marsh cordgrass

on Cape Cod, New England. Ecology. 2009; 90(8): 2108–2117. PMID: 19739373

Consumer control in tidal wetlands

PLOS ONE | https://doi.org/10.1371/journal.pone.0197170 May 17, 2018 15 / 16

https://doi.org/10.1073/pnas.162366599
https://doi.org/10.1073/pnas.162366599
https://doi.org/10.1073/pnas.162366599
http://www.ncbi.nlm.nih.gov/pubmed/12149475
https://doi.org/10.1007/s00227-009-1253-7
https://doi.org/10.1016/j.marpolbul.2009.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19643448
http://www.ncbi.nlm.nih.gov/pubmed/23094380
http://www.ncbi.nlm.nih.gov/pubmed/24279265
http://www.ncbi.nlm.nih.gov/pubmed/24279265
http://www.ncbi.nlm.nih.gov/pubmed/24597218
https://doi.org/10.1371/journal.pone.0093296
http://www.ncbi.nlm.nih.gov/pubmed/24675669
https://doi.org/10.1086/286095
https://doi.org/10.1086/286095
http://www.ncbi.nlm.nih.gov/pubmed/18811337
https://doi.org/10.1002/bimj.200810425
http://www.ncbi.nlm.nih.gov/pubmed/18481363
https://doi.org/10.1007/s00227-009-1253-7
https://doi.org/10.1007/s00227-009-1253-7
http://www.ncbi.nlm.nih.gov/pubmed/19739373
https://doi.org/10.1371/journal.pone.0197170


50. Wang JQ, Zhang XD, Jiang LF, Bertness MD, Fang CM, Chen JK, Li B. Bioturbation of burrowing crabs

promotes sediment turnover and carbon and nitrogen movements in an estuarine salt marsh. Ecosys-

tems. 2010; 13: 586–599. https://doi.org/10.1007/s10021-010-9342-5.

51. Daleo P, Iribarne O. The burrowing crab Neohelice granulata affects the root strategies of the cordgrass

Spartina densiflora in SW Atlantic salt marshes. Journal of Experimental Marine Biology and Ecology.

2009; 373(1): 66–71. https://doi.org/10.1016/j.jembe.2009.03.005

52. Weissberger EJ, Coiro LL, Davey EW. Effects of hypoxia on animal burrow construction and conse-

quent effects on sediment redox profiles. Journal of Experimental Marine Biology and Ecology. 2009;

371(1): 60–67. https://doi.org/10.1016/j.jembe.2009.01.005

53. Reinsel KA. Impact of fiddler crab foraging and tidal inundation on an intertidal sandflat: Season-depen-

dent effects in one tidal cycle. Journal of Experimental Marine Biology and Ecology. 2004; 313(1): 1–

17. https://doi.org/10.1016/j.jembe.2004.06.003

54. Fanjul E, Grela MA, Iribarne O. Effects of the dominant SW Atlantic intertidal burrowing crab Chasmag-

nathus granulatus on sediment chemistry and nutrient distribution. Marine Ecology Progress Series.

2007; 341: 177–190. https://doi.org/10.3354/meps341177

55. Nelson JL, Zavaleta ES. Salt marsh as a coastal filter for the oceans: changes in function with experi-

mental increases in nitrogen loading and sea-level rise. PLoS ONE 7(8); e38558. https://doi.org/10.

1371/journal.pone.0038558 PMID: 22879873

56. Coverdale TC, Bertness MD, Altieri AH. Regional ontogeny of New England salt marsh die-off. Conser-

vation Biology. 2013; 27(5): 1041–1048. https://doi.org/10.1111/cobi.12052 PMID: 23566036

57. Jennions MD, Backwell PRY, Murai M, Christy JH. Hiding behavior in fiddler crabs: how long should

prey hide in response to a potential predator? Animal Behavior. 2003; 66: 251–257. https://doi.org/10.

1006/anbe.2003.2190

58. Peer N, Miranda NAF, Perissinotto R. A review of fiddler crabs (genus Uca Leach, 1814) in South Africa.

African Zoology. 2015; 50(3): 187–204. https://doi.org/10.1080/15627020.2015.1055700

59. Pace ML, Cole JJ, Carpenter SR, Kitchell JF. Trophic cascades revealed in diverse ecosystems.

Trends in Ecology and Evolution. 1999; 14(12): 483–488. PMID: 10542455

60. Shurin J, Borer E, Seabloom E. A cross-ecosystem comparison of the strength of trophic cascades.

Ecology Letters. 2002; 5: 785–791.

61. Hensel MJS, Silliman BR. Consumer diversity across kingdoms supports multiple functions in a coastal

ecosystem. Proceedings of the National Academy of Sciences of the United States of America. 2013;

110(51): 20621–6. https://doi.org/10.1073/pnas.1312317110 https://doi.org/10.1073/pnas.1312317110

PMID: 24297926

62. Ripple WJ, Estes JA, Beschta RL, Wilmers CC, Ritchie EG., Hebblewhite M, et al. Status and ecological

effects of the world’s largest carnivores. Science. 2014; 343(6167). https://doi.org/10.1126/science.

1241484

Consumer control in tidal wetlands

PLOS ONE | https://doi.org/10.1371/journal.pone.0197170 May 17, 2018 16 / 16

https://doi.org/10.1007/s10021-010-9342-5
https://doi.org/10.1016/j.jembe.2009.03.005
https://doi.org/10.1016/j.jembe.2009.01.005
https://doi.org/10.1016/j.jembe.2004.06.003
https://doi.org/10.3354/meps341177
https://doi.org/10.1371/journal.pone.0038558
https://doi.org/10.1371/journal.pone.0038558
http://www.ncbi.nlm.nih.gov/pubmed/22879873
https://doi.org/10.1111/cobi.12052
http://www.ncbi.nlm.nih.gov/pubmed/23566036
https://doi.org/10.1006/anbe.2003.2190
https://doi.org/10.1006/anbe.2003.2190
https://doi.org/10.1080/15627020.2015.1055700
http://www.ncbi.nlm.nih.gov/pubmed/10542455
https://doi.org/10.1073/pnas.1312317110
https://doi.org/10.1073/pnas.1312317110
http://www.ncbi.nlm.nih.gov/pubmed/24297926
https://doi.org/10.1126/science.1241484
https://doi.org/10.1126/science.1241484
https://doi.org/10.1371/journal.pone.0197170

