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Abstract

Consumers can directly (e.g., consumption) and indirectly (e.g., trophic

cascades) influence carbon cycling in blue carbon ecosystems. Previous work

found that large grazers have nuanced effects on carbon stocks, yet, small,

bioturbating-grazers, which remove plant biomass and alter sediment proper-

ties, remain an understudied driver of carbon cycling. We used field-derived

and remote sensing data to quantify how the purple marsh crab, Sesarma

reticulatum, influenced carbon stocks, flux, and recovery in salt marshes.

Sesarma caused a 40%–70% loss in carbon stocks as fronts propagated inland

(i.e., ungrazed to recovered transition), with front migration rates accelerating

over time. Despite latitudinal differences, front migration rate had no effect on

carbon stocks, flux, or time to replacement. When we included Sesarma distur-

bance in carbon flux calculations, we found it may take 5–100 years for

marshes to replace lost carbon, if at all. Combined, we show that small grazers

cause a net loss in carbon stocks as they move through the landscape, and

irrespective of migration rate, these grazer-driven impacts persist for decades.

This work showcases the significant role of consumers in carbon storage and

flux, challenging the classic paradigm of plant–sediment feedbacks as the pri-

mary ecogeomorphic driver of carbon cycling in blue carbon ecosystems.
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INTRODUCTION

Blue carbon ecosystems bury one to two times more car-
bon than their terrestrial counterparts per unit area
(Mcleod et al., 2011), making them critical for mitigating
climate change (Howard et al., 2017). Consumers
(e.g., herbivores, omnivores, and carnivores), however, can
affect carbon cycling (He et al., 2020) through their direct

(e.g., consumption) or indirect (e.g., trophic cascades)
interactions with plants (He & Silliman, 2016). For exam-
ple, large grazers (Hogs: Persico et al., 2017; Livestock:
Graversen et al., 2022) can have negative, neutral, or posi-
tive effects on carbon stocks (Davidson et al., 2017).
Consumer fronts, dense aggregations of small con-
sumers bordering a resource (Silliman et al., 2013), are
becoming more prevalent worldwide (e.g., beetles in
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forests: Birt & Coulson, 2015; urchins in kelp forests:
Lauzon-Guay & Scheibling, 2007) and can disrupt geo-
morphic patterning and ecosystem functioning (Hughes
et al., 2009; Vu et al., 2017). Despite their impact on
plant biomass (Crotty et al., 2020) and sediment proper-
ties (Farron et al., 2020), the role of small consumers in
mediating carbon fluxes remains a key knowledge gap
in blue carbon ecosystems (Ren et al., 2022), with He
et al. (2020) stating “Whether small invertebrate herbi-
vores in … coastal wetlands have differential effects on
soil carbon sequestration is still unknown.”

To address this, we used salt marshes along the US
Atlantic coast as representative blue carbon ecosystems
to understand how small invertebrate consumers are
influencing carbon flux and storage. US Atlantic salt
marshes experience consumer fronts created by the
purple marsh crab, Sesarma reticulatum (hereafter
Sesarma), which consumes the smooth cordgrass,
Spartina alterniflora (hereafter Spartina) (Angelini et al.
2018; Vu et al., 2017; Vu & Pennings, 2021). Sesarma
fronts are occurring more frequently in this region, cover-
ing approximately 1% of total saltmarsh area at any given
time (Crotty et al., 2020). In contrast to fronts created by
their large counterparts and other small invertebrate con-
sumers (e.g., Littoraria irrorata, Prokelesia marginata),
Sesarma graze on both above- and belowground biomass
(Coverdale et al., 2012), and form burrows, which
increase soil oxygenation, decomposition, and erosion
(Farron et al., 2020). Sesarma’s top-down control on
Spartina, combined with its burrowing activities, can neg-
atively influence vertical accretion capacity (Schultz
et al., 2016; Williams & Johnson, 2021). Given these
impacts on saltmarsh features, we would therefore expect
this grazer to have considerable effects on carbon storage
(Coverdale et al., 2014).

Sesarma fronts in the mid-Atlantic and Southeastern
United States typically form at the heads of tidal creeks
(Hughes et al., 2009), and as Sesarma exhaust food and
suitable habitat, the front propagates inland in search of
additional resources (Vu & Pennings, 2021). Their direc-
tional movement inland lowers elevation, creating favor-
able habitat for Spartina revegetation and allowing for
recovery of many sediment and invertebrate properties
(Wu et al., 2021). Sesarma fronts have three distinct
zones: the leading edge (Spartina high marsh, hereafter
“ungrazed zone”), the trailing edge (Spartina low marsh,
hereafter “recovered zone”), and a band (3–8 m wide) of
mudflat separating the two where Sesarma reside (here-
after “denuded zone”) (Figure 1A). We hypothesized that
carbon stocks would be highest at the leading edge of the
front, which has not yet been disturbed by Sesarma, lowest
inside the front, which hosts active crab foraging and
burrowing, and intermediate at the trailing edge where

Spartina is revegetating. Further, we expected front migra-
tion rate, calculated via remote sensing, to aid in carbon
stock recovery, with faster migration potentially leaving
some Spartina belowground biomass behind, aiding in
revegetation and leading to quicker replacement times.

MATERIALS AND METHODS

Field collections

We evaluated Sesarma front influence on saltmarsh car-
bon cycling in three coastal US states: Virginia, South
Carolina, and Georgia (Appendix S1: Table S1; Figure 1B).
While Sesarma impact salt marshes in the Northeastern
United States (Holdredge et al., 2009), Virginia is the
northern limit of Sesarma fronts which create this distinct
patterning, South Carolina is an intermediate, and
Georgia is the southern limit. In each state, four indepen-
dent consumer fronts that were at least 20 m apart were
visited in August 2022 (Appendix S1: Table S1). At each
front, five transects spanning the recovered zone to the
ungrazed zone were delineated and a 0.0625-m2 quadrat
was placed in each of the three zones (recovered, denuded,
ungrazed; Figure 1A) along each transect (n = 60 quad-
rats per state). In recovered zones, quadrats were 10 m
from the denuded zone edge to ensure carbon stocks
reflected areas that had been revegetated for at least five
years (assumes a migration rate of 2 m year−1; Hughes
et al., 2009; see also Wu et al., 2021 for a similar
space-for-time substitution) (Figure 1F–H). Quadrats
were placed in the center of denuded zones, and 3 m
into ungrazed zones. Within each quadrat, aboveground
Spartina biomass was collected and 30-cm-deep sedi-
ment cores (Russian peat borer, 6 cm diameter; AMS,
Inc., USA) were taken and sectioned into 5 cm segments
(n = 6 sections per core). Plant and sediment samples
were dried at 60�C for biomass and bulk density (BD),
respectively, and sediment was muffled at 550�C for 6 h
for organic matter content (loss on ignition [LOI]).
Subsamples of sediments from each depth, zone, and
state were acidified and ran on a Thermo FlashEA sys-
tem to derive carbon fraction.

Remote sensing

We assessed front migration over ~25 years (between
1993/1994 and 2018/2019) using high-resolution (~1.0 m)
aerial images acquired from Digital Orthophoto Quadrangle
(DOQ, USGS EROS Archive between 1987 and 2006)
and National Agriculture Imagery Program (NAIP,
Google Earth Engine, 2003–present). In each state, we
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randomly selected ~50 fronts of variable sizes from the
latest aerial images (i.e., 2018 or 2019) within 10 km of
our field sites. We manually delineated the leading edge
of each front in 1993 (or 1994), 2008 (or 2009), and 2018
(or 2019) (Figure 1C–E; Appendix S1: Tables S2–S4). To
quantify front migration between time periods, we
generated three random points at each front identified
in 2018/2019 and created transects to intersect the fronts
in 1993/1994 and 2008/2009. The average length
(in meters) of the transects represented the distance of
front migration between time periods. Front migration
rates (in meters per year) were calculated by dividing
distance by the number of years between delineations
(Figure 1C–E, Appendix S1: Tables S2–S4). In some
cases (~7% of sites, Appendix S1: Tables S2–S4), fronts
recently emerged and were absent in earlier images. For
these, we measured the distance between the trailing
and leading edges to make a conservative (minimal)
migration estimate between time periods. If a front was
absent in two consecutive delineation years (~2% of
sites), an “NA” value was assigned to represent no
migration. Rates were averaged by state and used to cal-
culate carbon flux as described below. Geoprocessing

was performed in ArcGIS (v10.7) following the methods
of Chen and Kirwan (2022).

Carbon calculations and statistics

Following the methods of Craft et al. (1991), plots of car-
bon fraction by LOI were used to generate best-fit equa-
tions for each zone in each state (Appendix S1: Table S5).
Using these equations, we calculated carbon fraction for
all remaining sediment samples at each depth interval.
Sediment carbon stock (in kilograms per square meter)
was then calculated as:

Carbon stock kgm−2
� �¼ΣC fraction BD× dð Þ, ð1Þ

where C fraction is the carbon content calculated for
each depth increment (six sections per core), BD is the
bulk density (in grams per cubic centimeter), and d is the
depth interval (in centimeters). Values were converted to
kilograms per square meter and summed to derive a car-
bon stock per core. Plant carbon stocks (in kilograms per

1993–1994

2008–2009

2018–2019

F I GURE 1 (A) Cross-sectional view of a representative consumer front depicting the three distinct zones: ungrazed, denuded, and

recovered. Arrow indicates inland migration of consumer fronts. (B) Map of sampled US states (C: Virginia; D: South Carolina; E: Georgia).

Location by year (1993–1994: green; 2008–2009: yellow; 2018–2019: red) at representative fronts in (C) Virginia, (D) South Carolina, and

(E) Georgia. The values (in meters per year) shown in white on panels C–E refer to average migration rates per state (i.e., average of all

calculated rates, n = ~50; Appendix S1: Tables S2–S4) between 1993/1994 and 2018/2019. The white scale bars correspond to 50 m. Photos of

a migrating Sesarma front in (F) August 2020, (G) October 2021, and (H) August 2022. Gold arrows point to focal PVC poles and red

brackets highlight the ungrazed high marsh retreat and low marsh recovery and expansion that formed the basis of the space-for-time

substitution method used in this study. All photos (A, F, G, H) were taken by Serina S. Wittyngham.
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square meter) were derived using Spartina carbon frac-
tions from Ho and Pennings (2013) and dry biomass.
Carbon stock results are presented as sediment only or as
sediment + plant to reflect cumulative stocks. Carbon
flux (ΔC) was calculated as:

ΔC kgm−2 year−1
� �¼C

rcf
s
, ð2Þ

where C is a given carbon stock (sediment only, or sedi-
ment + plants), rcf is the average front migration rate
(calculated from remote sensing observations), and s is
the distance traveled by each front. When the difference
in carbon stocks between ungrazed and denuded zones
(i.e., ungrazed to denuded transition) is substituted for C,
the resulting change shows how much carbon is lost as a
front migrates (i.e., carbon loss). Conversely, when the dif-
ference in carbon stocks between recovered zones and
denuded zones (i.e., denuded to recovered transition) is
substituted for C, the resulting change represents how
much carbon is gained as Spartina revegetates (i.e., carbon
gain). The net change (i.e., carbon flux) in carbon stock as
a Sesarma front migrates is the difference between gain
and loss.

Using the method of Smith and Kirwan (2021) for
determining how long it will take an ecosystem to
reaccumulate lost carbon, time to replacement (tr) was
calculated as:

tr yearð Þ¼ ΔC
CAR

, ð3Þ

where ΔC is the carbon stock lost (in kilograms per
square meter) during the ungrazed to denuded transition
(i.e., carbon loss) and CAR is the carbon accumulation or
gain rate (in kilograms per square meter per year). We
calculated time to replacement in two ways: (1) using a
regional CAR of 0.1236 kgm−2 year−1 for the South
Atlantic-Gulf from Wang et al. (2019) and (2) using our
site-specific carbon gain rates (i.e., denuded to recovered
transition) (Appendix S1: Table S6). There are limitations
to each calculation. Our carbon gain rate approach is
local and site-specific, but not based on radiometric dat-
ing. In contrast, the Wang et al. (2019) carbon accumula-
tion rate is not local and does not factor in consumer
disturbance, but is better quantified. For each rate, we
then calculated two separate time-to-replacement values,
the first using sediment only carbon loss and the second
using sediment + plant carbon loss.

Statistical analyses were conducted in RStudio version
4.2.2 (R Core Team, 2022). Mixed models quantified differ-
ences in responses with state (Virginia, South Carolina,
Georgia) and zone (ungrazed, denuded, recovered) as fixed

effects. Response variables were transformed when neces-
sary to meet model assumptions, and significance was
determined at p < 0.05.

RESULTS

Total carbon stocks (sum of sediment + plant stocks across
zones; Equation 1) in South Carolina were 62% higher
than those in Georgia and 80% higher than in Virginia
(Figure 2A–C; Appendix S1: Tables S7 and S8). Whether
plants were included or not, in all three states, ungrazed
zones had higher stocks than denuded zones, although the
magnitude of difference varied by state (Figure 2A–C;
Appendix S1: Tables S7 and S8). In contrast to other states,
recovered zone carbon stocks (sediment + plant) in South
Carolina were 33% higher than ungrazed zones
(Figure 2B). Recovered zones in Georgia had 51% higher
stocks when plant carbon was included (sediment only
vs. sediment + plant; Figure 2C; Appendix S1: Tables S7
and S8). All three states experienced significant carbon
stock loss with front migration (i.e., ungrazed to denuded
transition, Figure 3A; Appendix S1: Table S8), though
losses were not statistically different between states
(Figure 3A; Appendix S1: Table S7). South Carolina had
the largest carbon gain (i.e., denuded to recovered transi-
tion, Figure 3B), and Virginia experienced an additional
loss of carbon (Appendix S1: Table S8). When assessing
carbon flux, despite slight gains in South Carolina and
Georgia, all three states experienced a net loss in carbon
stocks (i.e., ungrazed to recovered transition; Equation 2;
Figure 3C; Appendix S1: Table S8).

Sesarma front migration has accelerated by ~30% in
each state since the early 1990s (Appendix S1:
Tables S2–S4). Sesarma fronts in Virginia are migrating
the slowest at 0.84 m year−1, South Carolina at
1.54 m year−1, and Georgia the fastest at 1.74 m year−1

(Figure 1C–E). Despite fronts in Georgia moving more
than two times faster than those in Virginia, migration rate
had no effect on carbon loss or carbon gain (Appendix S1:
Figure S1A,B; Table S8). Migration rate also had no effect
on time to replacement, regardless of whether the regional
CAR (Appendix S1: Figure S1C) or local carbon gain
rate was used for calculations (Appendix S1: Table S8).
Approximately 20% of the fronts tracked through remote
sensing observations in each state recently emerged
(i.e., “minimal”; Appendix S1: Tables S2–S4), providing
additional support that Sesarma fronts are increasing in
prevalence over time (Crotty et al., 2020).

Using the South Atlantic-Gulf region CAR
(0.1236 kg m−2 year−1; Wang et al., 2019), replacement
times were longest in Virginia at 29 ± 2.6 years, followed
by South Carolina at 22.51 ± 8.05 years and Georgia at
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F I GURE 2 Carbon stocks in kilograms per square meter in ungrazed, denuded, and recovered zones in (A) Virginia, (B) South

Carolina, and (C) Georgia. Green boxes are cumulative carbon stocks (sediment + plants), and gray boxes are sediment-only stocks.

Sediment-only and sediment + plants are equal in denuded zones, as there were no plants. Data are shown as mean ± SE.

F I GURE 3 Carbon flux in kilograms per square meter per year in Virginia, South Carolina, and Georgia as (A) ungrazed zones

transition to denuded zones, (B) denuded zones transition to recovered zones, and (C) overall net change from ungrazed to recovered zones.

Green boxes are cumulative carbon flux (sediment + plants), and gray boxes are sediment-only flux. Values below the dashed line represent

carbon losses, and those above the dashed line represent carbon gains. Data are shown as mean ± SE.
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13.55 ± 2.62 years, although these differences were not
statistically significant (Figure 4A; Appendix S1: Table S8).
When using site-specific carbon gain rates calculated in
this study (Appendix S1: Table S6), carbon stocks in
Virginia never recover from herbivory, as both its losses
and “gains” were negative, while carbon stocks in South
Carolina recover in 5.33 ± 2.31 years and Georgia in
16.94 ± 6.51 years (Figure 4B).

DISCUSSION

Small, bioturbating herbivores remove plant biomass and
disrupt sediment properties (Angelini et al. 2018; Crotty
et al., 2020; Wilson et al., 2012), yet their influence on
carbon flux and recovery is a distinct knowledge gap (He
et al., 2020; Ren et al., 2022). Here, we found that fronts
created by the small invertebrate grazer, Sesarma, cause
carbon loss in US mid-Atlantic and southeastern salt
marshes, a finding similar to previous work in New
England (Coverdale et al., 2014). In contrast to New
England marshes, where grazing can cause marsh edge
loss without recovery, fronts at lower latitudes experience
low marsh revegetation, thus we were uniquely able to
quantify carbon loss, gain, and recovery, all of which var-
ied by state. Despite a latitudinal gradient in migration

rates, they were not a significant predictor of carbon flux
or recovery. This suggests that front-driven decreases in
elevation, which can alter primary production rates
(Morris et al., 2002), most likely explain these variations
in carbon flux and recovery. Although Sesarma fronts
only cover 1% of total marsh area at any given time,
their increased prevalence (Crotty et al., 2020) and abil-
ity to cause permanent state change (Wu et al., 2021),
combined with accelerating migration rates and slow
carbon recovery rates, suggest their influence exceeds
this limited spatial estimate and can actually affect
4%–12% of total marsh area (Appendix S2).

In both Virginia (Figure 2A) and Georgia (Figure 2C),
sediment-only carbon stocks in the recovered zones were
less than or equal to those in denuded zones. Recovered
zones in Georgia, however, had 51% higher stocks when
plant carbon was included, suggesting that labile carbon
may be an important source in this system (Figure 2C).
Surprisingly, South Carolina carbon stocks in the recov-
ered zones were 33% higher than in the ungrazed zones.
This recovery, which exceeded undisturbed areas, follows
a disturbance trajectory outlined by Wu et al. (2021)
(Figure 2B), and is most likely driven by the tight
coupling between Spartina productivity and elevation
(FitzGerald & Hughes, 2019). Despite this large recovery
of carbon stocks in South Carolina, there was still a net

F I GURE 4 Time to replacement in years for Virginia, South Carolina, and Georgia calculated using (A) regional carbon accumulation

rate (CAR) from Wang et al. (2019) and (B) carbon gain rate calculated in this study. In panel (B), carbon gain rate in Virginia is zero, thus

shaded bars indicate an infinite replacement time. Green boxes are cumulative carbon replacement (sediment + plants), and gray boxes are

replacement in sediment only. Data are shown as mean ± SE.
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loss of carbon associated with Sesarma fronts in all three
states (Figure 3C).

The lowered elevation driven by Sesarma fronts creates
conditions unfavorable for continued crab colonization, yet
favorable for Spartina revegetation (Vu & Pennings, 2021).
In fact, Spartina can reoccupy denuded zones within a
single growing season (Wittyngham, unpublished data),
suggesting potential for rapid recovery of carbon stocks.
However, when considering Sesarma disturbance in
time to replacement calculations (Equation 3; Smith &
Kirwan, 2021), impacts to carbon stocks can persist for
decades (Figure 4), despite quick Spartina revegetation.
Specifically, when using the carbon gain rate from this
study (i.e., denuded to recovered transition), the inclu-
sion of grazing caused a 10-fold increase in Georgia’s
recovery time, while Virginia will never replace its lost car-
bon (Figure 4B). Interestingly, the sizable carbon stock of
the recovered zone in South Carolina (Figure 2B) short-
ened its replacement time (Figure 4B) when compared
with calculations using the South Atlantic-Gulf region
CAR (Wang et al., 2019).

The space-for-time substitution approach we used
relies on the key assumption that prior to Sesarma front
formation, carbon stocks in the recovered low marsh
were equivalent to the ungrazed high marsh. Sesarma
fronts are directly responsible for lowering elevation
and causing a transition from high to low marsh (Vu
et al., 2017; Vu & Pennings, 2021; Wu et al., 2021),
supporting this assumption. Nevertheless, if this assump-
tion does not hold (i.e., low marsh carbon stocks were
always lower than ungrazed high marsh), then our esti-
mates of carbon stock loss and recovery rates are too high.

Overall, we show that a small invertebrate consumer
has substantial, negative effects on carbon stocks, a find-
ing in agreement with some (Persico et al., 2017) and
contrary to other (Graversen et al., 2022) previous work
on large consumers (Davidson et al., 2017). This study
demonstrates that consumers play a significant role in
carbon storage and flux, challenging the classic paradigm
of plant–sediment feedbacks as the primary ecogeomorphic
driver of carbon cycling in blue carbon ecosystems
(FitzGerald & Hughes, 2019). Plant–sediment feedbacks
that stabilize wetlands under sea-level rise are governed by
tidal channel evolution (D’Alpaos et al., 2019), yet observa-
tions of channel elongation are often restricted to locations
with consumer fronts or other vegetation disturbance
(Hughes et al., 2009; Kirwan et al., 2008). Our observation
of accelerated front migration rates suggests that the direct
(carbon consumption) and indirect (marsh stability)
impacts of consumers on carbon cycling will intensify
under accelerated sea-level rise. Given Sesarma’s signifi-
cant impact on carbon stocks despite their small size, and
the slow recovery associated with their disturbance, it is

critical to include consumer impacts in future estimates of
carbon flux and accumulation, especially in blue carbon
ecosystems.
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