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Abstract

1. Climate change causes both chronic and pulsed environmental changes to eco-

systems. In estuaries, tidal freshwater marshes experience both extended and
episodic periods of elevated salinities due to sea level rise, reduced river dis-
charge during drought and storm surge, but most research has focused on ex-

tended (press) perturbations.

. Over a 4-year period, we added diluted seawater to replicated plots in a tidal

freshwater marsh in Georgia, USA to raise porewater salinities from freshwa-
ter to oligohaline. We assessed the ecosystem effects of press (continuous)
and pulse (2months per year) changes in salinity by measuring the responses of
dominant angiosperms, benthic microalgae and dominant macro-invertebrates
(fiddler crabs). We transplanted angiosperms typical of oligohaline and mesoha-
line conditions into plots as bioindicators (phytometers) to assess potential for

vegetation changes over longer time periods.

. In the press treatment, the cover of all common plant species decreased.

Ludwigia repens almost disappeared within the first month; Polygonum hydro-
piperoides nearly disappeared within the first growing season; Pontederia cordata
and Zizaniopsis miliacea declined over the 4years but did not completely disap-
pear. The decline in the four most dominant plant species decreased total above-
ground plant biomass, leading to an increase in light penetration and increased
densities of benthic diatoms and cyanobacteria. The density of fiddler crab bur-
rows was not significantly affected by the treatments, but was positively related
to above-ground plant biomass across all replicates. Transplant experiments in-
dicated that plants typical of higher salinity conditions (e.g. Schoenoplectus sp.)
performed well under conditions prevalent in the press plots.

. In the pulse treatment, only L. repens declined, and there was no effect on

community-level above-ground biomass or other community variables.

. Synthesis. Our results indicate that tidal freshwater marsh plant and animal com-

munities are vulnerable to extended periods of salinization but resilient to short

saline pulses. Although saline pulses did not impair most ecosystem functions,
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1 | INTRODUCTION

Predicting ecosystem responses to environmental change is an im-
portant goal of ecological research in a time of rapid anthropogenic
change. One extreme scenario of environmental change is a chronic
alteration in a variable, or a ‘press’ (Smith et al., 2009). Many studies
have explored the consequences of potential environmental changes
by using the press treatments of, for example, sea level rise (Langley
et al., 2013) or elevated CO, (Pastore et al., 2016). Presses should
cause a sequence of events starting with physiological responses,
changes in community structure and finally species loss and immigra-
tion of species tolerant of the new conditions (Smith et al., 2009). In
nature, however, ecosystems typically experience fluctuating distur-
bances rather than persistent press changes (Donohue et al., 2016).
Intermittent or ‘pulsed’ disturbances may also cause individual mor-
tality and changes in community structure and ecosystem function
(Ciais et al., 2005; Thibault & Brown, 2008); however, they may not
cause permanent ‘state’ changes because their short-term nature
may allow the ecosystem to recover in between pulses to its previ-
ous composition and function (Ratajczak et al., 2017; Smith, 2011).

In coastal habitats, climate change, storms and anthropogenic
factors are predicted to cause both press and pulse changes to the
environment (Parkyn & Collier, 2004). Climate change is expected
to affect temperature and precipitation patterns; in many areas,
this may result in altered freshwater delivery to coastal habitats
(Nijssen et al., 2001). In addition, anthropogenic activities may re-
duce freshwater delivery through diversion of freshwater for irri-
gation, household use and industry (Cloern & Jassby, 2012; Enright
& Culberson, 2009). Mean sea level is variable among years, but is
expected to increase between 0.38 and 2m during the coming cen-
tury (Church & White, 2011; Horton et al., 2014). Higher sea lev-
els will force saline water upstream within estuaries and tidal rivers
into lower salinity habitats, changing salinity gradients along estu-
aries (Knighton et al., 1991; Wood & Harrington, 2015). Similarly,
storm surges can push saline water upstream as pulse events
(Middleton, 2016).

Situated in the upper estuary, tidal freshwater marshes are char-
acterized by high macrophyte diversity, productivity and nutrient
retention (Costanza et al., 1998; Craft, 2007; Loomis & Craft, 2010;
Van de Broek et al., 2016; Wieski et al., 2010). Tidal freshwater

the decline in a single species (L. repens) in the pulse treatment was associated
with reduced marsh accretion and no elevation gain—factors which must be
positive for wetland survival in an era of rising seas. Thus, periodic salinization
may threaten the long-term persistence of freshwater wetlands even before

dramatic changes in community structure occurs.

brackish marsh, climate change, press, pulse, salinity, salinization, sea level rise, tidal

marsh plants are usually competitively dominant over plants tolerant
of more saline conditions (Crain et al., 2004; Guo & Pennings, 2012),
but their downstream distribution is constrained by their limited
tolerance to salinity (Guo & Pennings, 2012; Li & Pennings, 2018;
Wetzel et al., 2004). If elevated salinity occurs in a tidal freshwater
marsh, as might happen due to drought, storm surge or high sea lev-
els, growth of freshwater plants may decrease through osmotic ef-
fects and the accumulation of toxic ions (Adam, 1990), driving shifts
in the composition of plant communities (Knighton et al., 1991;
McKee & Mendelssohn, 1989; Sharpe & Baldwin, 2012; Sutter
et al., 2015). Given long-term projections of sea level rise, freshwa-
ter marshes may be replaced by vegetation typical of brackish or
salt marshes downstream (Craft et al., 2009). If salinization is only
temporary, however, as might occur due to decreased freshwater
inflows during a drought, freshwater plants may be resilient to sa-
line pulses and able to recover once the pulse is withdrawn (Flynn
et al., 1995; Goodman et al., 2010; Howard & Mendelssohn, 1999).

The effects of saltwater intrusion on foundation species, such as
marsh-building plants, are likely to cascade and affect many other
taxa in the community (McFarlin et al., 2015). The loss of marsh mac-
rophytes is likely to facilitate benthic microalgae by increasing light
and nutrient availability (Sullivan & Currin, 2002). The loss of marsh
macrophytes is also likely to affect marsh invertebrates, because
both vascular plants and microalgae are food for fiddler crabs, other
invertebrates and fish (Bertness et al., 2014; Holdredge et al., 2009;
Silliman & Bertness, 2002; Sullivan & Moncreiff, 1990), and because
plants provide structural support for burrows and refuge from pred-
ators (Bertness & Miller, 1984; Bortolus et al., 2002; Nomann &
Pennings, 1998; Wang et al., 2015). Thus, understanding effects on
plants as a basal resource and structure provides a basis from which
to predict how press and pulse saltwater intrusion will affect the
entire ecosystem.

We conducted a 4-year field experiment to determine the re-
sponses of a tidal freshwater marsh community to presses and pulses
of saline water addition in coastal Georgia. Previous findings from
this experiment revealed that the press treatment altered porewa-
ter biogeochemistry (increased chloride, sulphate, sulphide, ammo-
nium, nitrate and phosphorus); reduced above- and below-ground
macrophyte biomass; decreased microbial diversity and function;
decreased net ecosystem exchange, ecosystem respiration and CH,
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emissions; and decreased surface elevation (Herbert et al., 2018;
Mobilian et al., 2020; Solohin et al., 2020; Widney et al., 2019) (Table
S1). The pulse treatment produced transient increases in chloride
and sulphate that rapidly returned to baseline conditions, and pre-
vented vertical accretion of the marsh platform due to the loss of
roots and rhizomes in the soil, while other ecosystem properties
and processes were largely unaffected (Table S1). Here, we build on
these findings by reporting effects on vascular plants, benthic mi-
croalgae and macro-invertebrates.

We tested four hypotheses. (1) Both presses and pulses of saline
water will suppress the performance and abundance of individual
plant species; however, (2) communities experiencing saline pulses
will recover once the pulses are withdrawn. Moreover, because sa-
line treatments (and consequent thinning of vegetation) will alter
light penetration and the above- and below-ground structure pro-
vided by marsh plants, (3) benthic microalgae will increase in treat-
ments where macrophytes decrease, and (4) fiddler crab densities
will change in treatments where macrophytes decrease, either in-
creasing in response to more food (benthic microalgae) or decreas-
ing in response to reduced physical structure (e.g. roots) to support

burrows.

2 | MATERIALS AND METHODS

2.1 | Site description

We conducted the experiment, part of the Georgia Coastal
Ecosystem Long Term Ecological Research program (https://gce-
Iter.marsci.uga.edu/), in a tidal freshwater marsh (latitude 31.33%94,
longitude -81.4666) on the Altamaha River, Georgia, USA. Work
was approved by the Coastal Resources Division of the Georgia
Department of Natural Resources. The marsh contained a mixture of
emergent herbaceous species with four dominant species: Ludwigia
repens, Polygonum hydropiperoides, Pontederia cordata and Zizaniopsis
miliacea. L. repens (creeping primrose-willow) is a mat-forming per-
ennial herb, typically <15cm tall, with creeping stems, and its roots
grow from nodes which lie on the soil. P. hydropiperoides (swamp
smartweed) and P. cordata (pickerelweed) are understorey perenni-
als that grow up to ~1 min height. Z. miliacea (wild rice), the dominant
species, is a perennial grass growing from large rhizomes with stems
up to ~3m tall, and represented the majority of the plant biomass.

2.2 | Experimental design

The experiment consisted of 30 experimental plots, each
2.5mx2.5m, established at the site in December 2012. We meas-
ured plot elevation using real-time kinematic GPS. Plots had an av-
erage elevation of 0.718m relative to NAVD88 and were flooded
twice daily by the tides, with an average flooding depth of ~25cm
at high tide (Mobilian et al., 2020; Widney et al., 2019). We briefly
describe the plots and treatments below; additional methodological

details are provided in previous publications resulting from the
experiment that have focused on porewater and soil chemistry
(Widney et al., 2019), carbon cycling (Herbert et al., 2018; Widney
et al., 2019) and soil microbial communities (Mobilian et al., 2020).

In March 2013, a polycarbonate frame was inserted ~15cm into
the soil to define the perimeter of each plot, except for the control
plots described below. The frame extended an additional ~15cm
above the soil surface. The purpose of the frames was to minimize
lateral movement of treatment water that was added to the plots at
low tide so that it would infiltrate into the plot rather than flowing
across the soil surface out of the plots. Two features of the frame
minimized effects on normal tidal flooding, that is, allowing natural
flooding and draining of the plots. First, the top of the frame was
submerged at ~70% of high tides (Widney et al., 2019), allowing
flow over the top of the frame. Second, the frames had two holes
(~2cm diameter) in the sides just above the soil surface that were
plugged when we watered the plots, but otherwise were open to
allow the exchange of tidal water. There was no evidence that the
frame affected clonal growth of the dominant plants in the area:
L. repens spread over the top of the frame, P. hydropiperoides and
Zizaniopsis miliacea readily spread by rhizomes beneath it and
other species recruited into the plots by seed (authors personal
observations).

Plots were assigned one of the five treatments: press of saline
water addition, press of freshwater addition and pulse of saline
water addition, control and control with frame. The saline press
treatment was intended to simulate chronic saltwater intrusion. The
saline pulse treatment was intended to mimic saltwater intrusion
that occurs during seasonal periods of low river flow (Figure S1). The
freshwater press treatment was intended to control for the effects
of increased additions of water to the plots. The control treatment
(no frame) served as an unmanipulated comparison for the exper-
imental treatments. Finally, the control with frame treatment was
included as a methodological control to assess any effects of the
frame (we found none).

We monitored the plots without imposing treatments in 2013 to
collect baseline data, then initiated the treatments on 14 April 2014
at which time we began to collect seawater (~22 PSU) from Hudson
Creek at Meridian Landing (latitude 31.4335, longitude -81.3627)
and freshwater (<0.5 PSU) from the Altamaha River near the study
site and mixed them on site to create brackish water of ~15 PSU.
Plots were dosed three to four times each week at low tide. The
saline press plots received additions of brackish water, with the goal
and result of elevating porewater salinity to 2-5 PSU. Pulse plots
received brackish water during September and October, when low
flow conditions in the Altamaha River typically occur. For the rest
of the year, pulse plots received fresh river water. The freshwater
treatment plots received additions of river water. All treated plots
were dosed on the same days and each received the same volume
of water (~265L). Typically, the treatment additions infiltrated into
the soil within 30min after addition. The volume of water that we
added to the plots at low tide was ~5% of that added by natural tidal
flooding (Herbert et al., 2018).
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Once treatments began, we collected porewater samples from
shallow (10-35cm) wells weekly from a subsample of the plots
(each plot was sampled at least monthly) and measured salinity
using a handheld refractometer to monitor the efficacy of the
treatments over time. Five plots (two control with frame plots,
one freshwater addition plot and two press of saline water addi-
tion plots) did not match the porewater salinity goals because of
leakage out of plots. We therefore changed the treatment desig-
nations of these five plots beginning in January 2015, 9 months
after treatments were initiated, to better match treatment goals.
Because these switched plots had a shorter treatment duration (3
instead of 4years), this change was conservative with respect to
identifying treatment effects. Porewater data from this study are
available online (Craft, 2017).

2.3 | Vegetation measurements

We measured stem density and height within a permanent
0.83mx0.83m subplot inside each plot. We made the measure-
ments three to six times during each growing season from 2013
through 2017 (1year pre-treatment and 4 years of treatment, Table
S2). We measured the height of all stems of Z. miliacea and P. hydro-
piperoides, and all leaves of P. cordata. The fourth common species, L.
repens, has a creeping morphology for which height measurements
were not appropriate. We visually estimated the per cent cover of
the four most abundant plant species, L. repens, P. hydropiperoides,
P. cordata and Z. miliacea, in each entire 2.5mx2.5m plot (Dethier
et al., 1993), except that the cover of L. repens was not measured in
2013. We deliberately focused our analyses on the four dominant
plant species that made up the vast majority of the biomass and cover
in the plots. Other plant species were so rare (often present as single
small individuals in one or two plots) that they were unlikely to have
measurable impacts on plant cover or biomass; we took notes on
these but do not formally present data. The total canopy cover often
summed to >100% because the foliage of the different species over-
lapped. We measured leaf-level photosynthetic rates (2013-2016)
of the tallest individuals in each plot of Z. miliacea, P. hydropiperoides
and P. cordata three to six times each growing season using an LCi
photosynthesis system (ADC BioScientific Ltd., Hoddesdon, UK).
Plant data from this study are available online (Li, 2017).

To non-destructively estimate above-ground biomass in the ex-
perimental plots, we collected 50 Z. miliacea stems (50-235cm), 54
P. hydropiperoides stems (30-123cm) and 95 P. cordata leaves (30-
120cm) from a marsh adjacent to the study site in July 2016. The
heights of the stems or leaves were measured on site, and then the
plant material was dried at 60°C to constant mass. We created allo-
metric relationships between biomass and height for these species
(Table S3) and used these relationships to estimate above-ground
biomass from the non-destructive height measurements that we
took in the 0.83mx0.83m subplots over the course of the exper-

iment. Allometric data from this study are available online (Li, 2017).

2.4 | PAR, microalgae and fiddler crabs

We measured the photosynthetically active radiation (PAR) above
the plant canopy and 10cm above the soil in each plot using a
SunScan Canopy Analysis System (Delta-T Devices Ltd.) on 1-6
dates during each growing season from 2013 to 2017 (Table S2)
and calculated the proportion of light penetrating the canopy. PAR
data from this study are available online (Li, 2017). We estimated
the abundance of green algae, diatoms and cyanobacteria using
an in situ fluorimetric probe (bbe-Moldaenke GmbH BenthoTorch,
Schwentinentel, Germany). Measurements were taken monthly
from February 2016 to December 2017 (Table S2). The probe uses
spectral analysis to estimate the abundance of these three microal-
gal groups in surface sediments (Echenique-Subiabre et al., 2016).
We averaged four readings from each plot to give a single value
per plot per date. Microalgal data from this study are available on-
line (Craft, 2015). The only abundant benthic macro-invertebrate
at the study site was the fiddler crab Minuca minax (=Uca minax).
We counted fiddler crab burrows (>0.5cm in diameter) in a 0.75
by 0.5m? quadrat in each plot in spring and fall of 2014, 2015 and
2016 (Table S2). Burrows are a good non-destructive proxy for crab
abundance (Angelini et al., 2015). Fiddler crab burrow data from this
study are available online (Angelini, 2018).

2.5 | Transplant (Phytometer) experiment

Because the experimental site was in the middle of an extensive
tidal fresh marsh and physically isolated from brackish marshes,
which were several kilometres downstream, brackish marsh plants
were essentially unable to recruit naturally to the experiment due to
distance. We therefore transplanted two species of brackish marsh
plants into the plots in 2017 as phytometers, or indicator trans-
plants, to quantify how well they would perform if they had been
able to recruit, with the expectation that they would do well in the
saline treatments. We collected culms of Juncus roemerianus and
Schoenoplectus sp. (likely Schoenoplectus americanus) from a brack-
ish marsh ~5km downstream of the study site (GCE site 8, Latitude
31.3126, Longitude -81.4209) on 7 March 2017, watered them with
freshwater for 3days to minimize transplant shock and planted a
single culm of each species into each plot on 10 March 2017. We
collected individual culms at least 1 m apart to minimize the like-
lihood of collecting genetically identical individuals. When trans-
planted, J. roemerianus culms had ~10 leaves and Schoenoplectus sp.
culms had ~2 shoots. Schoenoplectus sp. transplants grew quickly in
some treatments, so we harvested them on 25 July 2017 to prevent
them from becoming so abundant that they might affect conditions
in the plots. J. roemerianus transplants grew slowly, and we waited
until 15 October 2017 to harvest them. We excavated the trans-
plants, dried above- and below-ground biomass at 60° for 3days
and weighed it. Phytometer data from this study are available on-
line (Li, 2017).
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2.6 | Statistical analyses

We used repeated-measures analysis of variance (ANOVA) to iden-
tify treatment-related differences in estimated above-ground bio-
mass and cover (for individual species and total), proportion of light
penetrating the canopy, benthic microalgae and fiddler crab burrows
with plot elevation as a covariate to account for variation in eleva-
tion among plots. We confined our repeated-measures analysis to
the period after the five treatment plots were re-designated (2015
and forward). To minimize the effects of the annual growth cycle
on the results, we limited statistical analyses of the plant responses
to data collected in June, July and August when above-ground bio-
mass was at its seasonal peak, but we show all data in the figures to
illustrate the seasonal growth patterns of the plants, which justify
this approach. The phytometer data were analysed using a one-way
ANOVA. The analyses of above-ground, below-ground and total
biomass gave similar statistical results, so we report only results for
total biomass.

To examine the effects of light availability on benthic microalgae,
we used linear regression to relate microalgae abundance to light
penetration measured at the same approximate time (November
2016). We also used linear regression to explore relationships be-
tween fiddler crabs (burrows), light availability and above-ground
biomass measured in fall (September-November 2016). We chose to
focus on this date because it was late in the experiment and during

a warm time of the year when the crabs would have been active and

the pulse treatment was either in effect or had just been completed.

Analyses were conducted using Statistical Analysis Systems, SAS

Institute Inc.
3 | RESULTS
3.1 | Porewater salinity

The treatments were effective at achieving desired salinity goals.
Within a few weeks after saline water additions began, porewater
salinity in the press treatment rose to oligohaline (0.5-5) conditions
(Figure 1a). It decreased thereafter, averaging 2.18 +0.05 (SE) over
the duration of the entire treatment period. The porewater salin-
ity in the pulse plots increased to oligohaline conditions during each
treatment period, with an average during the treatment period of
1.28+0.15 in 2014, 1.40+0.16 in 2015, 1.55+0.15 in 2016 and
0.79+0.15 in 2017 (Figure 1b). Porewater salinity in the pulse plots
rapidly fell to ambient conditions when the saline pulse was discon-
tinued. The control, control with frame and freshwater addition plots
had porewater salinity typical of the tidal freshwater zone at this
site (<0.5), with averages over the entire experiment of 0.25+0.01,
0.22+0.01 and 0.22+0.01 respectively (Figure 1c-e). These last
three treatments often showed small salinity peaks in the fall during
the time of low seasonal river discharge that caused high seasonal

salinity in the river water (Figure 1; Figure S1).
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FIGURE 1 Porewater salinity in experimental plots throughout the duration of the experimental treatments (14 April 2014 to 15

December 2017)
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3.2 | Vegetation biomass and cover

The press treatment reduced biomass of all plant species, with
some responding faster than others. There was a significant effect
of treatment on above-ground biomass of Z. miliacea (p<0.01) and
significant effects of treatment and treatment by date on P. hydro-
piperoides (p<0.001) (Table 1). Above-ground biomass of P. hydro-
piperoides was reduced by ~75% in the press treatment relative to
the control as early as July 2014 after only 3months of saline water
additions (Figure 2a). P. hydropiperoides continued to decline in the
press treatment and disappeared from the press treatment in 2015.
Above-ground biomass of Z. miliacea was unaffected by treatments
in 2014 but was reduced compared to control and fresh treatments
beginning in July 2015 and it was reduced by ~70% in the press treat-
ment relative to the control in following years (Figure 2c). Above-
ground biomass of P. cordata was highly variable but was reduced by
~80% in the press treatment relative to the control beginning in 2015
and in following years (Figure 2b, date x treatment p = 0.05). Total
above-ground biomass (the sum of these three species) responded
similar to Z miliacea, the dominant species. Beginning in July 2015,
total above-ground biomass was reduced (ultimately by >50%) in the
press treatment compared to the other treatments (Figure 5a).

Plots varied in elevation by up to 15cm. Elevation as a covariate
explained a significant amount of variability in Zizaniopsis biomass
and total above-ground biomass (Tables 1 and 2), and the ability
to detect treatment differences was strengthened by the addition
of the covariate to the model. Z. miliacea and total above-ground
biomass were greater at lower elevations (r = -0.26, p<0.001 and
r=-0.24, p<0.001 respectively).

The press treatment reduced the cover of all plant species, with
some responding faster than others, but only one species was af-
fected by the pulse treatment. Per cent cover of L. repens was af-
fected by treatment (p <0.001) and, for P. hydropiperoides, P. cordata
and Z. miliacea, the interaction of treatment and date (p<0.05;
Table 1). The cover of L. repens was reduced by ~95% in the press
treatment relative to the control within 1 month after saline water
addition began in April 2014, and it remained at low levels in the
press treatment thereafter (Figure 3a). The per cent cover of L. repens

was reduced by ~70% in the pulse treatment relative to the control

by October 2014, and by May 2015, both pulse and press treatments
contained almost no L. repens. The cover of L. repens increased in the
pulse treatment early in each year following the decline the previous
autumn, but it never attained more than 11% cover, well below its
abundance in the control and fresh treatments, which varied over
time but was usually >40%. The cover of P. hydropiperoides was
reduced in the press treatment compared to the other treatments
after 1 month, and was reduced to almost zero in the press treatment
by the end of 2014 (Figure 3b). The cover of Z. miliacea was reduced
in the press treatment (63%) relative to the control and fresh treat-
ments (>90%) by October 2014 and continued to decrease in the
press treatment in the following years (Figure 3d). The cover of P.
cordata was not affected by the treatments in 2014 but was strongly
reduced in the press treatment in following years (Figure 3c).

The per cent cover of L. repens was positively related to eleva-
tion (Table 1), whereas the cover of Z. miliacea, like above-ground
biomass, decreased with increasing elevation. Above-ground bio-
mass of P. hydropiperoides, P. cordata and Z. miliacea in the plots
was low in March, relatively high in May-August and low again in
October (Figure 2) matching previous descriptions of seasonal
dynamics for P. cordata and Z. miliacea (Birch & Cooley, 1982; Heisey
& Antoni, 1982; Li et al., 2018).

We observed only a few effects of the treatments on plant
photosynthetic rates (Figure S2). The photosynthetic rate of P. hy-
dropiperoides was not affected by the treatments in 2014. In 2015
and 2016, P. hydropiperoides disappeared from the press treatment
plots, and so it could not be examined further. The photosynthetic
rate of P. cordata did not differ among treatments throughout the
study period, while the photosynthetic rate of Z. miliacea declined
in the press treatment in 2014, with the strongest differences
among treatments in August 2014 (Figure S2c). In later years,
Z. miliacea was absent from some press plots, reducing the power
of these comparisons. We did not measure plant photosynthetic
rates in 2017.

As plant biomass decreased in the press treatment, a few plants
typical of brackish conditions invaded the plots, but were rare and
did not occur in all replicates, likely because the experiment was
several kilometres upstream from potential seed sources. The phy-

tometers (transplanted plants), however, gave us a standardized way

TABLE 1 Repeated-measure analysis of covariance (ANOVA) results (F and p-values) for estimated above-ground biomass and per cent
cover in June, July and August 2015, 2016 and 2017 using elevation as a covariate. For the continuous variable of elevation, + and - denote
the directionality of the effect. We did not estimate above-ground biomass for Ludwigia repens

Variable Effect (df)

Above-ground Treatment (1, 24) 11.46,p<0.0001

biomass Date (8, 192) 1.38,ns
DatexTrt (32, 192) 3.62,p<0.0001
Elevation (1) 0.44, ns
Per cent cover Treatment (1, 24) 21.63,p<0.0001
Date (8) 2.54,p<0.05
Datex Trt (32, 192) 2.95,p<0.0001
Elevation (1) 0.81, ns

Polygonum hydropiperoides

Pontederia cordata Zizaniopsis miliacea Ludwigia repens
1.99,ns 4.75,p<0.01 NA

1.10, ns 0.83, ns NA

1.56,p =0.05 1.38, ns NA

2.34,ns 6.67,p<0.05 (-) NA
4.23,p<0.01 12.16,p<0.0001 7.56,p<0.001
0.59, ns 1.71ns 2.32,p<0.05
1.69,p<0.05 1.82,p<0.01 1.36,ns

3.14,ns 8.26,p<0.01(-) 5.24,p<0.05 (+)
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“Degrees of freedom for biomass are the same as in Table 1.

PDegrees of freedom for light.
‘Degrees of freedom for crabs.

FIGURE 2 Estimated above-ground
biomass (0.83x0.83m subplot) (+SE) of
Polygonum hydropiperoides, Pontederia
cordata and Zizaniopsis miliacea from
2013 through 2017. The light grey areas
indicate the press treatment periods, and
the dark grey areas indicate the pulse
treatment periods

TABLE 2 Repeated-measure analysis
of covariance (ANOVA) results (F and
p-values) for total above-ground biomass,
proportion of light penetrating the canopy
in June, July and August (2015 through
2017) and fiddler crab burrow number
(spring and fall 2015 through 2017)

using elevation as a covariate. For the
continuous variable of elevation, + and -
denote the directionality of the effect
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FIGURE 3 Per cent cover (+SE)

of Ludwigia repens, Polygonum
hydropiperoides, Pontederia cordata and
Zizaniopsis miliacea from 2013 through
2017. The cover of Ludwigia repens was
not measured before May 2014. The light
grey areas indicate the press treatment
periods, and the dark grey areas indicate
the pulse treatment periods
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FIGURE 4 Total (above- plus below-ground) biomass of (a)
Schoenoplectus sp. and (b) Juncus roemerianus plants transplanted
into experimental plots

to assess plot suitability for the brackish species, Schoenoplectus
sp. and J. roemerianus. Schoenoplectus sp. transplants grew twice as
large in the press treatment as in the other treatments (F4,26 =3.42,
P =0.02) (Figure 4a). J. roemerianus transplants showed a similar pat-
tern, but results were more variable and not significant (F4‘21 =1.79,
p = 0.17) (Figure 4b).

3.3 | Light availability, benthic microalgae and
fiddler crabs

The press treatment increased light availability and stimulated ben-
thic microalgae. By 2015, as above-ground biomass in the press plots
decreased, the proportion of light penetrating the canopy increased
in the press treatment to values of ~50% compared to ~20% in all
other treatments (one-way ANOVA, p<0.01) (Table 2, Figure 5b).
With increased light availability, there was a significant effect of
the treatments on the benthic microalgae community (Table 3).
Cyanobacteria and diatoms were most abundant in the press

treatment (Figure 6b,c), whereas green microalgae, the least abun-
dant taxa, were least abundant in the press treatment (Figure 6a,
Table 3). Diatoms, the most abundant microalgae overall, showed a
strong seasonal pattern of abundance (Figure 6c), with a peak in the
winter (November-February) when plant biomass is naturally low.

Fiddler crab burrows were marginally less abundant in the press
and pulse (42-43m™) treatments than the other treatments (51-
61m™?) (p=0.10; Table 2). There was no effect of elevation on fiddler
crab density (p = 0.61).

As hypothesized, the treatment-induced changes in plant cover
and composition that had occurred by fall 2016 cascaded to af-
fect physical conditions (sunlight), microalgae and fauna through
multiple pathways (Figure 7e). As above-ground biomass of plants
decreased, light penetration through the canopy increased and fid-
dler crab burrow density decreased (Figure 7a,b). The abundance
of both cyanobacteria and diatoms was positively related to the
proportion of light penetrating the canopy (Figure 7c-d). The abun-
dance of green microalgae, however, was not related to changes in
light penetration (p = 0.78). Because of the design of the experi-
ment, in which plant abundance was only suppressed in the press
treatment, replication of the low biomass conditions was inelucta-
bly limited. This argues for some caution in interpreting the results;
however, we believe that these points are biologically credible
rather than ‘outliers’.

4 | DISCUSSION

Global change is likely to affect ecosystems through a complicated
mixture of pulse, ramp and press changes (Donohue et al., 2016).
Thus, there is a need to move beyond simple press experiments that
compare ecosystem responses to different levels of global change
drivers, and to incorporate additional global change treatments
that emphasize variability. For example, experiments in terrestrial
grasslands that vary the timing and magnitude of rainfall pulses have
been as informative as previous experiments that altered total an-
nual rainfall (Wang et al., 2021). Here, we took a similar approach to
examining salinization of coastal wetlands by comparing press and
pulse salinization treatments.

Climate change is predicted to cause both presses and pulses
of saline water intrusion into tidal freshwater marshes (Herbert
et al., 2015; White & Alber, 2009; Wood & Harrington, 2015). We
examined the effects of a saline press and pulse in a field experi-
ment for a 4-year period. We are aware of only one similar multi-
year study of salinization in emergent wetland plant communities
that was conducted in the field (Neubauer, 2013), but it focused
on C cycling, not species effects, and did not include a saline pulse
treatment. Otherwise, studies examining the effects of salinity on
freshwater marsh plants have been conducted in the greenhouse
over relatively short periods of time (8 weeks to 1year), and none
compared press and pulse treatments simultaneously in a field ex-
periment (Howard & Mendelssohn, 2000; Sharpe & Baldwin, 2012;
Spalding & Hester, 2007; Sutter et al., 2015; Woo & Takekawa, 2012).
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FIGURE 5 Estimated total (sum of
Polygonum hydropiperoides, Pontederia
cordata and Zizaniopsis miliacea) above-
ground biomass (0.83x0.83m subplot)
(+SE) and proportion of light penetrating
the canopy (+ SE) in all treatments from
2013 to 2017. Light penetration was not
measured before March 2014. The light
grey areas indicate the press treatment
periods, and the dark grey areas indicate
the pulse treatment periods
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TABLE 3 Repeated-measure analysis of covariance (ANOVA) results (F and p-values) for the abundance of benthic microalgae (green
algae, cyanobacteria and diatoms) measured monthly using elevation as a covariate for the years 2016 (February-December) and 2017
(January-December). For the continuous variable of elevation, + and - denote the directionality of the effect

Effect (df)

Treatment (4, 24)

Date (22, 528)
Date x Treatment (88, 528)
Elevation (1)

Abundance of green algae
8.73,p<0.001
2.07,p<0.01
1.92,p<0.0001
9.98,p<0.01 (+)

Abundance of cyanobacteria  Abundance of diatoms

3.62,p<0.05
1.00, ns
2.15,p<0.0001
1.59, ns

5.05,p<0.01
2.59,p<0.0001
1.42,p<0.05
2.27,ns
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FIGURE 6 The abundance of (a) green algae, (b) cyanobacteria and (c) diatoms (+ SE) in all treatments from February 2016 to December
2017. The light grey areas indicate the press treatment periods, and the dark grey areas indicate the pulse treatment periods

We believe that our approach, using a multi-year field experiment,
provides much more realistic insights into the effects of coastal
salinization.

Our results supported the first hypothesis that both press and
pulsed salinization would suppress the performance of individual
plant species; however, effects varied among the four plant spe-
cies that dominate the community. L. repens largely disappeared
from both press and pulse plots after salinity additions began. P.
hydropiperoides was also sensitive to salinity and declined in cover
and productivity in the press treatment starting in the first year of
saline water addition. Z. miliacea and P. cordata were less sensitive,
but both species gradually declined in the press treatment as the
experiment progressed. This is consistent with previous mesocosm
experiments that identified these latter two species as relatively
salt tolerant (Li & Pennings, 2018, 2019). The suppression of all four
dominant species in the press treatment was consistent with the
general finding that plants typical of low-salinity habitats cannot

tolerate the abiotic stress of higher salinities (Crain et al., 2004;
Guo & Pennings, 2012).

In addition to expecting that presses and pulses of saline water
would suppress the performance of individual plant species, we also
expected hierarchical responses to the treatments, with relatively
fast physiological changes followed by species reordering, and then
finally by species loss (Smith et al., 2009). This idea was not sup-
ported. In general, the treatments did not affect plant photosyn-
thetic rates. Other studies have found that photosynthetic rate per
unit leaf area remained unchanged in the face of elevated salinities
because elevated salinity increased chloroplast density per unit leaf
area (Munns & Tester, 2008), suggesting that physiological effects
of salinity may be manifested in other variables, such as increased
respiration, that we did not measure.

Although both presses and pulses of saline water addition
caused plant community composition to shift away from that of the
controls, results of press and pulse treatments differed markedly.
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With presses of saline water, two species almost disappeared

in the first year, and all species declined in per cent cover in the

second year. With pulses of saline water, the main effect was the

suppression of a single plant species (L. repens) beginning in the sec-

ond year of the project. This finding is consistent with a mesocosm

experiment containing many of the same plant species, in which the
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duration of salinity pulses was just as important as their level of sa-
linity in affecting plant community structure (Li & Pennings, 2019).
Consequently, the important insight from comparing the press and
pulse treatments is that periodic pulses of saline water will exclude
only some species from the local community, even if all would be
excluded by a sustained press.

Our second hypothesis, that community structure in the pulse
treatment would recover once the saline pulses were withdrawn,
was not supported, as L. repens declined in the pulse treatment
and did not recover between pulse events. Many tidal freshwater
marsh plants have some ability to recover after saline pulses (Flynn
et al.,, 1995; Howard & Mendelssohn, 1999; Li & Pennings, 2019;
Sutter et al., 2014). If saline pulses are severe enough or frequent
enough, however, they will cause persistent changes in the plant
community. For example, in a mesocosm experiment conducted in
Louisiana, S. lancifolia recovered after exposure to saline water of
12g/L for 1 month, but failed to recover after the community was ex-
posed to 12 g/L (PSU) saline water for 3 months, resulting in a shift to
a monospecific S. americanus stand (Howard & Mendelssohn, 2000).
This illustrates the general point that even brief pulses of global
change drivers may have important effects on natural communities.

Although repeated saline pulses caused one plant species to be
lost from the pulse treatment, total above-ground biomass was main-
tained at levels similar to those in the controls because the dominant
species were unaffected by the short-duration pulse. Most other
measured parameters such as porewater chemistry, net ecosystem
exchange (NEE) and CO, and CH,, emissions also were not affected
by the pulse treatment (Herbert et al., 2018; Solohin et al., 2020;
Widney et al., 2019). The press treatment, on the other hand, caused
a dramatic reduction in plant above-ground biomass along with re-
duced NEE and CO, and CH, emissions (Herbert et al., 2018) as all
species either declined or disappeared. The loss of vegetation also
led to persistent increases in porewater NH, and PO, (Widney
et al., 2019). Thus, long-term saltwater intrusion might reduce pri-
mary production, C cycling, and N and P retention of tidal freshwater
marshes for an extended period of time if immigration of brackish
water vegetation is slow. This result is consistent with the idea that
the loss of minor species from a community will not strongly affect
community function, because compensatory responses of the most
abundant, ‘dominant’ or ‘foundation’ species maintain community
function (Dayton, 1972; Grime, 1998).

Decreased productivity is expected to decrease the ability of
a marsh to accumulate sediment (Morris et al., 2002), and thereby
threaten persistence of the intertidal habitat. In our experiment, the
press plots experienced an elevation loss of ~3cm compared to the
control plots over a 3.5-year period, which was mostly due to re-
duced root inputs and loss of below-ground plant biomass (Solohin
et al., 2020). The pulse treatment neither gained nor lost elevation
after 3.5years while, at the same time, the control and fresh treat-
ments gained 2-3 cm of elevation (Solohin et al., 2020). One possible
explanation for the lack of elevation gain in the pulse treatment is
the near absence of L. repens from these plots. L. repens declined dra-
matically in the pulse treatment and was extirpated from the press

tress treatment, and its presence was positively correlated with el-
evation gain after 3.5years (R = 0.54, p<0.01, July 2017). Although
L. repens did not represent a large proportion of biomass in the plots,
its mat-like growth form may have led to a disproportionate impact
on sediment accumulation and retention. These findings suggest
that the loss of a single species, in this case L. repens, may impair
marsh elevation gain while other ecosystem properties and pro-
cesses are unaffected (Table S1). This function might ultimately be
replaced by a more salt-tolerant species that could immigrate from
downstream, but that did not happen during the duration of our ex-
periment because our plots were located far from brackish marsh
habitat. Although a link between L. repens and elevation gain in this
habitat is plausible, additional experiments are required to confirm
that this, and not some other, unmeasured difference between treat-
ments was the mechanism. If it is correct, however, it supports the
view that at least some ecosystem functions can be affected by the
loss of single species, even if not the most abundant members of the
community (Lyons & Schwartz, 2001).

In our experiment, we did not observe differences in plant
performance in the freshwater addition treatment relative to the
controls, nor did we observe effects of the freshwater addition
treatment on other measured variables including porewater chem-
istry (Herbert et al., 2018, Solohin et al., 2020, Widney et al., 2019).
Thus, we attribute the responses that we observed in the press and
pulse treatments to salinity, not to additional flooding per se. In a
previous saline water addition experiment in South Carolina, plant
biomass in a Z. miliacea-dominated marsh was also reduced in the sa-
line press treatment (Neubauer, 2013). In that experiment, however,
the freshwater addition treatment increased ecosystem primary
production, CO, emissions and net ecosystem production, indicating
that freshwater addition alone could affect ecosystem processes.
The difference in results from freshwater addition among the two
experiments deserves further attention, but could have been caused
by our experiment being located in a wetter habitat than was the
case for the previous study.

Macrophyte biomass is likely to affect microalgal abundance
and invertebrate densities through multiple pathways (Figure 7e).
Our third hypothesis, that benthic microalgae would increase in
treatments where macrophytes decreased, was largely supported.
We observed increased abundance of cyanobacteria and diatoms in
the press treatment. Green microalgae, which were less abundant,
decreased instead, perhaps due to competition from other benthic
microalgae. The loss of marsh vegetation allowed more sunlight to
reach the sediment, and this likely was one mechanism explaining
increases in benthic microalgae (Sullivan & Currin, 2002; Whitcraft
& Levin, 2007). In addition, porewater ammonium, nitrate and phos-
phate increased in the press plots as the added salinity desorbed
cations (NH,) from soil cation exchange sites and/or increased
mineralization of organic matter (Jun et al., 2013), and uptake of N
and P by vascular plants was reduced (Herbert et al., 2018; Widney
et al., 2019); these increases in nutrients might also have benefit-
ted benthic microalgae (Sin et al., 2007). Regardless of the mech-
anism, decreased in abundance (and thus presumably production)
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by vascular plants were partially compensated for by increases in
abundance (and likely production) of microalgae. Because benthic
microalgae are an important carbon source for estuarine food webs
(Sullivan & Moncreiff, 1990), increases in microalgae production are
likely to benefit other species, although with the exception of fiddler
crabs, these effects were not measured here. In nature, any increase
in microalgal production caused by a salinization event that killed
tidal fresh marsh plants would likely be temporary, because brack-
ish marsh plants would eventually invade the site. However, until
brackish marsh plants did invade, this change from vascular to algal
primary producers might be important for the estuarine food web.

Our fourth hypothesis, that fiddler crab densities would change
in treatments where macrophytes decreased, was marginally sup-
ported. Crab burrow density declined in press plots where veg-
etation was nearly absent but the differences among treatments
was only marginally significant (p<0.10). The presence of vegeta-
tion in wetlands affects the distribution of crab burrows through
three different mechanisms (Figure 7e). First, in soft sediments,
plant rhizomes and roots provide structural support for crab bur-
rows (Bertness, 1985). For example, the mud fiddler crab Uca pug-
nax preferentially burrows close to underground parts of Spartina
alterniflora in low salt marsh habitats to gain structural support for
its burrows (Bertness & Miller, 1984). Second, the presence of veg-
etation may reduce the exposure of marsh crabs to predators, such
as wading birds or raccoons. In experiments, the number of fiddler
crab burrows increased with artificial shading that likely provided
a refuge from predators in clearings (Nomann & Pennings, 1998).
Third, as shown above, vascular plants suppress benthic microal-
gae, which are a food source for deposit-feeding crabs. Because this
third mechanism predicts a negative relationship between crabs and
macrophyte abundance, it has little support from our data since we
found that crab burrows decreased with decreasing plant biomass
and increased light penetration. Although the first two mechanisms
act in the same direction as our experimental results (highlighting
their plausibility in explaining the fiddler crab response to our treat-
ments), a more detailed study is needed to untangle the various ef-
fects of freshwater macrophytes on fiddler crabs.

Our study focused on the effects of increased salinity that might
be expected due to climate change, sea level rise and freshwater
withdrawal from rivers. Some of these factors, such as sea level rise,
would also affect flooding of tidal fresh marshes. How these systems
will respond to the combination of increased salinity and increased
flooding is outside the scope of our study, but deserves future study.
Similarly, although we studied press and pulse variation separately,
these are likely to be combined in nature (Donohue et al., 2016)—for
example, a storm or drought might occur after a period of sea level
rise—and these combinations also merit future study using more
complicated experimental designs.

In our experiment, two plant species from brackish marshes
performed well in the press plots when transplanted there. These
species, however, did not colonize the press plots naturally, likely
because the experimental site was too far away from a suitable
propagule source. In nature, salinization events that kill plants in

tidal freshwater marshes are most likely to occur close to brackish
marsh habitats, and propagule supply may not be limited. However,
in extreme cases, transplantation of brackish marsh plants or seeds
to an affected site by habitat managers might be useful in facilitating
rapid accommodation of the ecosystem to higher salinities.

Our findings from the press treatment indicate that extended sa-
linization, such as would occur following rapid sea level rise, drought
or large withdrawals of freshwater from rivers, will result in wide-
spread loss of the plant species that dominate tidal fresh marshes
until vegetation typical of higher salinity habitats can colonize. In
addition, our results illustrate that pulsed changes, even if they do
not have dramatic effects on the most dominant species in a commu-
nity, nevertheless can affect species composition, and that the loss
of a single secondary species, L. repens, may affect wetland elevation
gain/loss. This last finding is particularly important, because it illus-
trates that without immigration of compensatory species, changes
that may threaten the ability of tidal freshwater marshes to keep
pace with sea level rise can occur even while the dominant plants
and animals are unaffected. More generally, our results illustrate
that short pulses of global change drivers can affect ecosystems,
but results will likely differ from the findings of press experiments,
which in some cases are less realistic mimics of how global change
will occur. Ultimately, forecasting both the short- and long-term fu-
ture states of ecosystems will require studies that combine an un-
derstanding of the effects of ongoing pulses with that of the effects

of long-term press changes.

ACKNOWLEDGEMENTS

This material is based on the work supported by the National
Science Foundation through the Georgia Coastal Ecosystems Long
Term Ecological Research program under Grants No. OCE-1237140
and OCE-OCE-1832178. The authors thank Ellen Herbert, Dontrece
Smith, Jacob Shalack, Caroline Reddy, Timothy Montgomery, Nicole
DeSha, Sasha Greenspan, Ashby Nix, Robin Wei, Shanze Li, Eric
Weingarten, Narissa Turner, Jonathan Adams, Sean Sharp, Julie
Blaze, Jeff Beauvais, IU Wetland Biogeochemistry Laboratory stu-
dents, GCE-LTER Schoolyard participants and others who helped
in the field. This is contribution number 1100 of the University of

Georgia Marine Institute.

CONFLICT OF INTEREST
The authors have no conflict of interest to declare.

AUTHORS' CONTRIBUTIONS

C.C. and S.C.P. conceived the ideas and designed the methodol-
ogy; All authors but especially F.L. collected and analysed the data;
F.L. and S.C.P. led the writing of the manuscript; C.A., J.E.B. and
C.C. contributed critically to the drafts and gave final approval for

publication.

DATA AVAILABILITY STATEMENT
The data presented in the manuscript are archived at the
Environmental Data Initiative as follows. Fiddler crab data: https://


https://doi.org/10.6073/pasta/b3d8f5e01ebba0da8fd3a2a78671c0ce

1522 | Journal of Ecology

LI ET AL.

doi.org/10.6073/pasta/b3d8f5e01lebbaOda8fd3a2a78671cOce
(Angelini, 2018); Microalgal data: https://doi.org/10.6073/pasta/
7464fe6528c4cb2d04fb99642f19a433 (Craft, 2015); Porewater
data: https://doi.org/10.6073/pasta/dadbaa37af67d97c76552d070
Oeabl6a (Craft, 2017); Plant and PAR data: https://doi.org/10.6073/
pasta/335d605abdcd984713006fbcd86c9f97 (Li, 2017).
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