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Abstract

Understanding how climate and local stressors interact is paramount for
predicting future ecosystem structure. The effects of multiple stressors are
often examined in small-scale and short-term field experiments, limiting
understanding of the spatial and temporal generality of the findings. Using a
22-year observational dataset of plant and grazer abundance in a southeastern
US salt marsh, we analyzed how changes in drought and grazer density com-
bined to affect plant biomass. We found: (1) increased drought severity and
higher snail density both correlated with lower plant biomass; (2) drought and
snail effects interacted additively; and, (3) snail effects had a threshold, with
additive top-down effects only occurring when snails were present at high den-
sities. These results suggest that the emergence of multiple stressor effects can
be density dependent, and they validate short-term experimental evidence that
consumers can augment environmental stress. These findings have important
implications for predicting future ecosystem structure and managing natural

ecosystems.
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antagonistically (i.e., the combined effect is less than the
sum of individual effects), or synergistically (i.e., the com-

Globally, stressors related to habitat loss, eutrophica-
tion, and climate change are increasing in intensity and
spatial extent (Halpern et al., 2008). Moreover, the com-
bination of global and local stressors can create unique
environmental conditions, and there is a pressing need
to better understand, forecast, and mitigate the effects of
multiple stressors on ecosystems (Silliman & He, 2018;
Vinebrooke et al., 2004). Stressors can act additively (i.e., the
combined effect is equal to the sum of individual effects),

bined effect is greater than the sum of individual effects)
(Coté et al., 2016). Managing for the synergistic effects of
stressors can be particularly challenging as they can lead to
unpredictable ecosystem decline (Sih et al., 2004; Silliman
et al., 2013). These “ecological surprises” can add uncer-
tainty to management plans and future projections of eco-
system resilience (Paine et al., 1998).

Experimental ecology is a crucial tool for revealing and
understanding multiple stressor effects and preparing for
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different global change scenarios. Yet, because of logistical
constraints, most ecological laboratory and field experi-
ments are conducted on small temporal and spatial scales,
and simplify real-word situations. Thus, they may not be
realistic predictors of long-term trends across larger spatial
scales (Englund & Cooper, 2003). Therefore, long-term
monitoring and large-scale surveys should be employed as
complementary methods to help to capture natural vari-
ability in stress levels (Coté et al., 2016) and provide
large-scale temporal and spatial tests of the generality of
experimental results (Lindenmayer et al., 2012).

Understanding the functional relationship of multiple
stressor effects is critically important for predicting eco-
system thresholds and tipping points. Moreover, under-
standing the relative importance of global versus local
stressors can help to inform targeted management strate-
gies that enhance resilience to climatic stressors (Shaver
et al., 2018). Salt marshes are an ideal study system to
investigate multiple stressor effects as they are controlled
by both local forces (e.g., grazing, nutrient run-off; Crotty
et al., 2020; Deegan et al., 2012) and a variety of increas-
ing global stressors (e.g., sea level rise, drought;
FitzGerald et al., 2008; Silliman et al., 2005). In the south-
eastern US, the productivity of the dominant salt marsh
grass, Spartina alterniflora, is suppressed in years with
less rainfall (Wigski & Pennings, 2014). In particular, epi-
sodes of extreme drought in the southeastern US have
had strong and negative effects on plant biomass, with
10 m? to 5 km” areas of vegetation dying off in months
(Alber et al., 2008; McKee et al., 2004). Experiments and
large-scale surveys show that common marsh grazers, like
the salt marsh periwinkle snail, Littoraria irrorata, can
interact with drought to suppress marsh production and
lead to large-scale marsh die-off (Silliman et al., 2005).
However, the temporal and spatial generality of these
results is limited as past experimental studies with snails
were done over the short term (1-2years), in small
cages (1 m?), and at a limited number of sites with high
snail densities (Silliman et al., 2005). Moreover, periwin-
kle snails are thought to only apply measurable grazing
pressure on grasses above a threshold of ~80 snails m™>
(Renzi & Silliman, 2021). Critical to testing if experi-
mental studies scale up to explain natural variability
over space, time, and consumer densities, is testing their
relevance with long-term data from many sites.

To better understand the generality of grazer/stress
interactions, we analyzed a 22-year dataset of salt marsh
biomass and snail density from the Georgia Coastal
Ecosystems Long Term Ecological Research program
(GCE LTER). Based on previous experimental research,
we hypothesized that long-term data would show: (1) per-
iwinkle snail density and drought conditions negatively
correlate with salt marsh biomass; (2) snail density and

drought interact to suppress plant biomass; and, (3) the
negative effect of snails emerges only when snails are rel-

atively common, at densities above 80 snails m™2.

METHODS
Description of long-term data

We compiled data from the GCE LTER program
(Alber, 2016; Pennings, 2016), focusing our analyses on
seven permanent sites that were S. alterniflora domi-
nated and located within approximately 25 km of each
other (Appendix S1: Figure S1). Within each site, per-
manent mid-marsh and creekbank plots have been
monitored for a variety of metrics since 2000; we focus
on the mid-marsh plots because L. irrorata is rare along
the creekbank due to higher predation (Silliman &
Bertness, 2002). Salt marsh biomass and snail density
data were collected separately in October from 2000 to
2021 using established LTER protocols (Appendix S1:
Section S1). Additionally, we compiled monthly Palmer
Drought Severity Index (PDSI) data for Georgia Region
9 (NOAA, 2023). We calculated an average PDSI value
for the 6 months (i.e., May-October) preceding the
October GCE LTER sampling in each year, as these
6 months have the highest drought stress values and
coincide with the growing season for S. alterniflora. We
combined the plant biomass data, snail density data,
and PDSI data by identifying GCE LTER plots that had
measurements for all three metrics in a given year. This
resulted in a dataset that covered four plots within each
of the seven sites over 22 years with six missing observa-
tions (n = 610 plots). Additionally, because previous
research suggested that there is a threshold of 80 snails
m™2 above which snails have a density-dependent effect
on S. alterniflora (Renzi & Silliman, 2021), we subset the
data into one set of plots with snails at low densities
(i.e., <80 snails m~% n = 341 plots) and another set of
plots with snails at high densities (i.e., >80 snails m™>;
n = 269 plots).

Analysis of long-term data

To describe how snail density and drought severity
impact S. alterniflora biomass, we fit linear mixed-effects
models (in the Ime4 package; Bates et al., 2015) using
maximum likelihood with snail density and average PDSI
as interacting fixed effects. To account for repeat sam-
pling at each site over time, we also included both year
and plot nested within site as random effects. The signifi-
cance of the interaction term was used to evaluate
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whether drought and snail density interacted additively
or nonadditively (i.e., a p-value >0.05 indicated additiv-
ity, whereas a p-value <0.05 indicated nonadditivity). We
fit the same model on all three datasets (i.e., full dataset,
high-density plots only, and low-density plots only),
except that the model for high-density plots only had ran-
dom effects for year and site because the model would
not converge with the full random effects structure.
Additionally, because we had reason to believe that the
relationship between snail density and salt marsh bio-
mass might be nonlinear (see Atkins et al., 2015;
Renzi & Silliman, 2021), we separately fit models with a
nonlinear logarithmic function by log-transforming snail
densities, and compared model fit to the linear models
using Akaike’s Information Criterion (AIC.) from the
MuMIn package (Barton, 2023). To test whether the results
of the subset analyses were robust to where we set the
threshold (i.e., +20 snails m_z), we additionally conducted
a post hoc analysis to see if setting different thresholds
(i.e., 60 or 100 snails m™~2) caused us to change any of our
conclusions. Specifically, we re-ran each analysis with
the different thresholds to see if it meaningfully changed
the interpretation of any of our analyses.

Effect size analysis of extreme drought

To evaluate the independent and combined effects of
snail density and drought on S. alterniflora biomass
during the most severe drought event in our dataset, we
conducted an effect size analysis following the methodol-
ogy and equations used by Darling et al. (2010) (see
Appendix S1: Section S2 for detailed equations and
methodology). This analysis compared 2 years (i.e., 2009
[before the drought] and 2011 [during the drought];
Appendix S1: Figure S2). We averaged biomass and snail
density values across all plots at each site in each year
and split the sites into high snail density (Sites 3, 4, and
6, which had average densities of 335, 131, and 294 snails
m™?, respectively) and low snail density sites (Sites 2, 5,
9, and 10 which had average snail densities of 59, 64,
28, and 36 m™?, respectively). The sites were split by the
80 snails m~2 threshold used above for consistency with
the earlier analysis, but also because there was a natural
split in the data between 64 and 131 snails m > We calcu-
lated independent effect sizes for snails and drought, a com-
bined effect size for snails and drought (snails X drought),
and an additive null expectation (snails + drought) that was
used to judge whether snails and drought interacted addi-
tively (i.e., if the confidence intervals of the observed data
overlapped with the null additive expectation, the interac-
tion was classified as additive) (Appendix S1: Section S2).
All analyses were conducted in R Statistical Software

(v4.2.1; R Core Team, 2022; see Smith, 2024 for original
data and code).

RESULTS
Long-term data

The average mid-marsh snail density across the entire
LTER dataset was 134 + 7 snails m™2 (mean + SE), with a
median density of 60 snails m™ Long-term average snail
densities at different sites ranged from a low of 31 snails
m~? at Site 9 to 400 snails m~? at Site 3 (Appendix S1:
Figure S3). Plots with snail densities above 400 snails
m~? were relatively rare, and only one plot with more
than 1000 snails m™ was observed (Appendix SI:
Figure S4). Within the 22-year dataset, there were
6 years that qualified as moderate drought (average PDSI
<=2, but >-3), 3 years that qualified as severe drought
(average PDSI <—3, but >—4), and 1 year that qualified as
extreme drought (average PDSI <—4; Svoboda et al., 2002;
Appendix S1: Figure S2).

For the entire long-term dataset, the relationship
between snail density and average PDSI on salt marsh
biomass was best explained by a logarithmic function
(AAIC, >2; Appendix S1: Table S1). Wetter years
(i.e., years with higher average PDSI) had significantly
higher biomass (beta = 37.0, #(602) = 3.7, p < 0.001).
Snail density did not significantly affect plant biomass
(beta = 15.4, 1(602) = 1.5, p = 0.13), and the interaction
between snail density and average PDSI was also non-
significant (beta = 4.9, #(602) = 0.7, p = 0.50; Figure 1a;
Appendix S1: Table S2). Visual analysis of the overall
model suggested that it did a poor job of describing the
full range of snail densities and that the equation failed
to capture the hump-shaped nature of the relationship
(i.e., snails appeared to have a positive effect at low den-
sities and a negative effect at high densities). Moreover,
there was a visually evident break in the data around
approximately 75 snails m~? (Appendix S1: Figure S5).

For plots with <80 snails m~2, a linear function best
described the relationship between snail density and
marsh biomass, but the fit of the model was very similar
to the logarithmic model (AAIC. = 0.04; Appendix S1:
Table S1). Less severe drought conditions correlated with
higher plant biomass (beta =32.3, #(333)=2.1,
p = 0.04), but snail density had no effect on aboveground
plant biomass (beta = 10.3, #333) = 0.8, p = 0.43), and
the interaction between snail density and average PDSI
was also nonsignificant (beta = 6.4, #333)=0.5,
p = 0.59; Figure 1b; Appendix S1: Table S3). For plots
with >80 snails per m? a logarithmic function best
described the relationship between snail density and
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marsh biomass (AAIC. >2; Appendix S1: Table S1). Less
severe drought conditions led to higher plant biomass
(beta = 41.3, #(262) =4.1, p <0.001) and higher snail
densities led to lower plant biomass (beta = —30.2,
#(262) = —2.8, p = 0.006). The interaction between snail
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FIGURE 1 Model predictions (mean + 95% confidence
intervals) for the effects of snail density and average Palmer
Drought Severity Index on aboveground Spartina alterniflora
biomass (ABG) for the complete long-term dataset (a), only plots
that had <80 snails m~2 (b), and only plots that had >80 snails m™~
(c). Predictions were back transformed from the model to appear on
the original scale. Data were collected over 20 years from seven
sites that are part of the Georgia Coastal Ecosystems Long Term
Ecological Research program.

2

density and average PDSI was nonsignificant (beta = 3.7,
1(262) = 0.4, p = 0.68), suggesting that snails and drought
interacted additively (Figure 1c; Appendix S1: Table S3).
Increasing or decreasing the snail density threshold for
our subset analyses (to 60 or 100 snails m~) did not
change any of the conclusions drawn from the analysis.

Effect size analysis of severe drought

Both drought and snails had negative effects on above-
ground plant biomass, reducing plant biomass by an
average of 51% and 42%, respectively (drought effect size
95% CI = 18%-84%; snail effect size 95% CI = 9%-75%).
Snails and drought combined to reduce plant biomass
by an average of 49% (95% CI = 17%-80%) which was
lower than the additive null expectation in absolute
terms (null model of Drought + Snails = 72%, 95%
CI = 52%-92%), but there was high overlap of the confi-
dence intervals and thus we could not reject the additive
null hypothesis and the interaction was classified as
additive (Figure 2).

DISCUSSION

Using 2 decades of long-term observational data, we find
that drought and high grazer densities interacted addi-
tively to reduce marsh plant biomass. Specifically, while
drought consistently lowered marsh plant productivity,
snail density only correlated with lower productivity
when the snails were at sufficiently high densities (>80
snails m~?). Additionally, our effect size analysis con-
firms that drought and snails interacted additively during
the most extreme drought event in the southeastern US
over the last 20 years, and their effects had similar mag-
nitudes. Altogether, these results suggest that the emer-
gence of multiple stressor effects is likely to be density
dependent, which has profound implications for
predicting and managing ecosystem thresholds to multi-
ple stressors. Moreover, these results illustrate the value
of long-term spatiotemporal data collection, which in this
case largely validates experimental data suggesting that
salt marsh consumers can augment the effects of climatic
stressors.

Drought conditions significantly reduced salt marsh
biomass across our study period. Drought can control salt
marsh productivity by inducing hypersalinity in soils
(Hughes et al., 2012). Spartina alterniflora is tolerant to
high soil salinities but rapid increases in salinity or long
durations of elevated salinity can suppress osmoregula-
tion (Howard & Mendelssohn, 1999), ultimately reducing
growth (Linthurst & Seneca, 1981). Drought events have
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FIGURE 2 Effect sizes of snails (high density vs. low density)
and drought on Spartina alterniflora aboveground biomass from
before to during a severe drought event (2009 vs. 2011). Mean effect
sizes are pictured with 95% confidence intervals, and the plot is
color coded based on predictions from the null model. The
confidence intervals for the null additive model overlapped with
the observed interaction, and therefore the interaction was
classified as additive. Data were collected from seven sites that are
part of the Georgia Coastal Ecosystems Long Term Ecological
Research program.

initiated large-scale salt marsh dieback in the southeast-
ern US (Alber et al., 2008; Silliman et al., 2005), and our
effect size analysis during an extreme drought event con-
firms the role that drought plays in lowering salt marsh
biomass. Moreover, analysis of the long-term data that
covered wet and dry periods is consistent with past ana-
lyses indicating that drought-induced higher salinities
regulate salt marsh aboveground biomass over larger
time scales that include benign periods (Wigski &
Pennings, 2014). Further research is required to eluci-
date how thresholds in drought severity and drought
duration elicit extreme ecological responses in marshes.

Our analyses show a long-term, density-dependent
role of periwinkle snails in regulating aboveground salt
marsh biomass across our study area, a result that largely
confirms past experimental work across the southeastern
US. Significant top-down control only emerged in models
examining plots with snail densities above 80 snails m~2,
which agrees with previous short-term experimental
research (Atkins et al., 2015; Renzi & Silliman, 2021).
Moreover, we found that the relationship between snail

density and salt marsh biomass was best described by a
logarithmic function, which supports the idea that snails
have a density-dependent effect (Atkins et al., 2015;
Renzi & Silliman, 2021). Because periwinkles are primar-
ily detritivores, preferring to feed on fungus or dead plant
material over green grass, snail effects are negligible at
low densities. In fact, low densities of snails could even
have a positive effect on marsh productivity by clearing
out accumulated dead material and increasing light or
nutrient availability. Increased intraspecific competition
(i.e., higher densities of snails) and a dearth of their pre-
ferred detrital food source are required for snails to graze
on live grass (Silliman & Newell, 2003). At high snail
densities, sufficiently intense snail grazing will diminish
available snail habitat by lowering marsh plant densities
and compromising the snail’s refuge from predation,
potentially initiating a negative feedback loop. In fact,
this may help explain why the relationship between snail
density and plant biomass was logarithmic and we
observed a dampening effect of snails at higher densities.
Overall, our large-scale and long-term findings are con-
sistent with many past experimental studies showing that
snails can exert top-down control on marsh plants across
southeastern and gulf states (Virginia: Silliman &
Zieman, 2001; North Carolina: Gittman & Keller, 2013;
Morton & Silliman, 2020; South Carolina: Gustafson
et al., 2006; Georgia: Silliman & Newell, 2003; Louisiana:
Silliman et al., 2005) and that consumer control by the
salt marsh periwinkle only emerges at high snail densi-
ties (Renzi & Silliman, 2021).

In contrast to experimental findings (see Silliman
et al., 2005), we found that snails and drought had addi-
tive, not synergistic, effects on salt marsh biomass.
Although our study does show top-down control on
drought-stricken plants, the difference in effect sizes
between the long-term data reported here and previous
short-term experimental results could be because snail
densities at our sites were lower than those used in the
experiments. Snail densities at the GCE sites were vari-
able, but averaged 134 + 7 snails m™>. These averages
are well within natural observed snail densities, but
quite a bit lower than the extremes that are occasionally
observed (i.e., >2000 snails m~2; Silliman et al., 2005;
Silliman & Zieman, 2001). While high snail densities
did occur in our dataset, they were relatively rare.
Remote sensing data from the Duplin River Watershed
in Georgia similarly suggest that snail densities >500
individuals m~2 occurred over less than 1% of the land-
scape (Schalles et al., 2013). Previous research suggests
that snails do not fully defoliate an area of marsh unless
they are large bodied and at densities of more than ~140
snails m~2 (Silliman & Zieman, 2001), or are small to
medium sized and at densities greater than 300-600
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individuals m™2 (Silliman & Bertness, 2002). Moreover,
synergistic effects of snails and drought have only been
observed at sites with snail densities of approximately
400-1000 snails m™> (Silliman et al., 2005; Silliman
et al., 2013), so it is possible that the emergence of syn-
ergistic effects may not occur until very high snail densi-
ties are reached. Snails can reach high densities locally
within a site by aggregating into snail “fronts” (Silliman
et al., 2013), and further exploration of the frequency of
snail fronts and the potential density dependence of syn-
ergistic effects is warranted.

Given that snail densities were consistently low (averag-
ing <100 snails m_z) at four of the seven sites we studied, it
is likely that top-down control of marsh plants, and interac-
tions between snails and drought, occur in only some parts
of the coastal landscape. Periwinkle distribution is thought
to be driven largely by predation pressure (Hutchens &
Walters, 2006; Rietl et al., 2018), but also potentially by
salinity and nitrogen content in marsh plants (Anderson
et al., 2022; Rietl et al., 2018). Previous research has shown
that periwinkle densities peak in the mid-marsh
(Hutchens & Walters, 2006), and conversely that densi-
ties nearest tidal creeks and the marsh edge are low due
to higher predation (Rietl et al., 2018; Silliman &
Bertness, 2002). Nevertheless, further research is needed
to fully elucidate the factors affecting snail density
across seascapes, and thus the conditions under which
top-down control is most likely.

Foundational ecological theories, including the
Environmental Stress Model and the Stress-Gradient
Hypothesis (Bertness & Callaway, 1994; Menge &
Sutherland, 1987), predict that top-down control by
predators and herbivores will dampen as physical
stressors increase. In our study, we found instead that
consumer pressure remained an important controlling
factor of salt marsh plant biomass, even during a severe
drought. Menge and Olsen (1990) suggest that specific pre-
dictions from Environmental Stress Models depend on
whether consumers or prey are more strongly impacted by
stress (i.e., Consumer Stress Models versus Prey Stress
Models). When prey is more strongly impacted, con-
sumer control can be more prevalent in stressful versus
benign environments. Our study system is most consis-
tent with a Consumer Stress Model, as plants are more
susceptible to drought than snails (Silliman & He, 2018).
For example, extreme drought has been shown to
cause rapid and widespread marsh die-off (Alber
et al., 2008; Silliman et al., 2005), whereas snail grazing
can actually intensify when plants are salt stressed,
with extreme densities of snails along die-off borders
(Silliman et al., 2005).

Understanding how global stressors interact with
local species interactions and food webs will be important

for informing appropriate management interventions to
protect and restore ecosystems. We suggest that the pres-
ence of consumers at a local scale can impact the toler-
ance of many coastal ecosystems to stressors operating at
a regional or global scale (i.e., drought). For example, in
coral reefs, removal of corallivorous snails reduced coral
tissue loss from an extreme bleaching event (Shaver
et al., 2018). Similarly, in marshes, the management of
high-density snail populations by hand removal, fence
exclusions, or predator supplementation might reduce
the impacts of drought stress on salt marsh productivity;
however, because high densities of snails only occur in
patches and only at some sites within the landscape,
these approaches may only be needed in some locations.
Across coastal ecosystems, naturally high densities of
consumers may increase the risk to foundation species
during extreme events, especially if the system is most
consistent with a Consumer Stress Model. Our work joins
a growing body of literature suggesting that mitigation of
local stressors like grazers (e.g., this study, Blake &
Olin, 2022; Shaver et al., 2018), nutrient run-off (Hensel
et al., 2023; Lefcheck et al., 2018), or invasive species
(Hensel et al., 2021) can increase resilience, promote
recovery, and enhance biodiversity. Thus, to provide
hope for coastal managers who are rarely able to directly
alleviate climate change effects, we find that a focus on
local mitigation may be able to lessen the effects of global
change stressors (Coté et al., 2016; Silliman & He, 2018).
However, if global stressors are severe, they may over-
whelm any attempts at local mitigation (Bruno &
Valdivia, 2016), in which case the only way to maintain
natural ecosystems will be to address the root causes of
global change.
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