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Abstract

Tidal marsh plant species commonly zonate along environmental gradients such as elevation, but it is not always clear to what
extent plant distribution is driven by abiotic factors vs. biotic interactions. Yet, the distinction has importance for how plant
communities will respond to future change such as higher sea level, particularly given the distinct flooding tolerances and con-
tributions to elevation gain of different species. We used observations from a 33-year experiment to determine co-occurrence
patterns for the sedge, Schoenoplectus americanus, and two C, grasses, Spartina patens and Distichlis spicata, to infer functional
group interactions. Then, we conducted a functional group removal experiment to directly assess the interaction between sedge
and grasses throughout the range in which they cooccur. The observational record suggested negative interactions between
sedge and grasses across sedge- and grass-dominated plots, though the relationship weakened in years with greater flooding
stress. The removal experiment revealed mutual release effects, indicating competition was the predominant interaction, and
here, too, competition tended to weaken, though nonsignificantly, in more flooded, lower elevation zones. Whereas zonation
patterns in undisturbed portions of marsh suggest that the sedge will dominate this marsh as flooding stress increases with sea
level rise, we propose that grasses may exhibit a competition release effect and contribute to biomass and elevation gain even
in sedge-dominated communities as sea level continues to rise. Even as abiotic stresses drive changes in the relative contribu-
tions of sedges and grasses, competition among them moderates fluctuations in total plant biomass production through time.

Keywords Distichlis spicata - Marsh elevation gain - Plant removal experiment - Schoenoplectus americanus - Sea level
rise - Spartina patens

Introduction is an especially strong driver of ecosystem processes in

coastal wetlands, where plants largely control soil elevation

Coastal wetlands have relatively low plant richness owing to
the combination of flooding, salinity, and other stresses that
few species can tolerate. Yet, plant community composition
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relative to sea level, and thus, the maintenance of the eco-
system as a whole (Cahoon et al. 2020). Changes in plant
community composition can have enormous consequences
in coastal wetlands because tidal marsh-adapted plant spe-
cies often have distinct traits that directly control rates of
soil elevation gain (White et al. 2012; Mueller et al. 2016;
Chen et al. 2018).

To forecast marsh sustainability in a future of accelerat-
ing sea level rise, we need to know how plants respond to
flooding frequency, but plant interactions can complicate
interpretation of flooding tolerances based on distribution
patterns alone. Coastal ecologists determine the flooding
tolerances of individual species primarily using two meth-
ods: vegetation surveys and sea level manipulations, both
of which could have limitations in cases where plant inter-
actions are strong. First, surveys provide only a snapshot
of plant distribution under current conditions. Marsh plant
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distributions along gradients such as elevation are often
interpreted as reflecting individual species tolerances for
abiotic factors such as flooding stress (Marani et al. 2004;
Silvestri et al. 2005; Swanson et al. 2015; Langston et al.
2020), but species interactions in mixed communities can
engender great deviations between the fundamental niche
of a single species and its realized niche in the presence of
other species (Pennings and Callaway 1992). For instance,
negative interactions, like competition, can narrow the real-
ized elevational range of a plant species while facilitation,
a positive interaction among plants commonly observed in
marshes (Callaway 1995; Mclntire and Fajardo 2014), may
expand the realized distribution beyond the fundamental
niche. Second, sea level manipulations have mostly used
monospecific mesocosms (e.g., Morris et al. 2002; Kirwan
and Guntenspergen 2012; Voss et al. 2013; Wigand et al.
2016; Watson et al. 2017) to assess flood tolerances, but
the tolerance of intact plant communities may differ from
what would be predicted from the sum of individual plant
responses. For instance, monospecific mesocosms could
underestimate plant elevation ranges by ignoring facilita-
tion, which could cause an underestimation of ecosystem
resilience. Failure to account for plant interactions could
engender errors in either direction in projections of wetland
sustainability.

The direction and strength of plant species interactions also
depend on abiotic stresses. For instance, the stress-gradient
hypothesis predicts that abiotic stress determines the likeli-
hood that facilitation versus competition will occur (Bertness
and Callaway 1994; Brooker and Callaghan 1998; Lortie and
Callaway 2006; Maestre et al. 2009). This hypothesis states
that under stressful physical conditions, positive interactions
are more likely to occur; inversely, under lower levels of
stress, competitive interactions will dominate (Bertness and
Callaway 1994). Though positive interactions are common in
many macrotidal low marshes (Bertness and Hacker 1994;
Luo et al. 2010), species interactions have not been frequently
examined for the high marsh communities that inhabit vast
areas of tidal wetlands from Nova Scotia to Louisiana. In mic-
rotidal settings, these so-called “high marsh” communities
are commonly the lowest-lying emergent plant communities
in the system and will determine the sustainability of the wet-
lands in the face of rising seas.

Previous studies have indicated the possibility of interac-
tions among common high marsh species, including the C,
sedge, Schoenoplectus americanus, and C, grasses, Spar-
tina patens and Distichlis spicata (Arp et al. 1993; Cherry
et al. 2009; Langley and Megonigal 2010; White et al. 2012;
Holmgquist et al. 2021), but the extent of interspecific interac-
tions in determining dominance between these species has
never been explicitly examined. Sea level manipulations
using mesocosms (a.k.a. “marsh organs”) show overlap in
the flooding tolerances of S. americanus, S. patens, and D.

spicata (Broome et al. 1995; Langley et al. 2013; Kirwan and
Guntenspergen 2015; Nicks 2018). Field surveys show that
S. americanus tends to dominate the lower, and C, grasses
higher elevations of their common habitat, though there is
92% overlap in their elevation range (Holmquist et al. 2021).
To what extent are these plant zones determined by abiotic
factors versus interactions with other plants? Plant inter-
actions will partly determine the progression of the plant
community compositional change that contribute strongly
to elevation maintenance as these marshes experience more
frequent flooding with accelerating sea level rise.

To evaluate the direction and strength of plant interac-
tions in a high elevation brackish marsh, we (1) analyzed
existing data from a 33-year elevated CO, experiment and
(2) conducted a complementary competition experiment in
which we removed sedges or grasses from plots that varied
in initial dominance. Based on previous observations from
this marsh, we predicted there would be strong competition
between the C; sedge, S. americanus, and C, grasses, S.
patens and D. spicata. Following the stress-gradient hypoth-
esis, we predicted that competition would be most intense
at the higher (less flooded) elevations. By testing for the
existence of species interactions and resolving their strength,
we can better predict marsh plant community response to
rising seas.

Methods
Site Description

The Kirkpatrick Marsh is located at the Smithsonian Envi-
ronmental Research Center (SERC) in Edgewater, MD. The
Global Change Research Wetland (GCReW) is a facility that
occupies a large portion of the site and is used for long-term
experiments and observations. The site is adjacent to the
Rhode River, a sub-estuary of Chesapeake Bay. The site in
the present study has a 44 cm tidal range (Holmquist et al.
2021), and the marsh plots used are positioned between 17
and 25 cm above NAVDS88. Mean growing season sea level
has risen 20 cm since the beginning of this study while the
marsh surface has risen by roughly 5 cm (unpublished SET
data).

We investigated the relationship between competition and
flooding tolerance using areas of the marsh either dominated
by the sedge Schoenoplectus americanus or dominated by
the C, grass species, Spartina patens and Distichlis spicata.
S. americanus is tolerant of 2—17 psu salinity and is rela-
tively flood tolerant (Hess 1975) and accordingly tends to
occupy the lower-lying areas of the marsh (Arp et al. 1993).
In less flood-stressed conditions at higher elevations, S.
americanus appears to be a weaker competitor (Emery et al.
2001). S. patens has a lower flood tolerance than the sedge
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and is often outcompeted by the sedge in frequently flooded
areas (Konisky and Burdick 2004). In response to flooding,
this C, grass develops root aerenchyma, but thrives above
the high-water line in most marshes (Callaway and King
1996). D. spicata overlaps greatly with S. patens in physi-
ological tolerance of flooding and salinity. It is considered
a poor competitor with other plants (Levine et al. 1998) but
may have enhanced ability to colonize gaps and establish
under harsh conditions compared to co-occurring plant spe-
cies (Brewer et al. 1998).

Long-Term Experiment

To explore temporal patterns of plant co-occurrence among
plant functional groups, we used data from an ongoing ele-
vated CO, experiment at the GCReW (Drake et al. 1985,
1989; Drake 2014). Briefly, 10 plots were located in each
of three vegetation zones, C; sedge-dominated (C;), C,
grass-dominated (C,), and mixed-composition (MX) zones
(Fig. S5). The MX zones were established with roughly equal
initial contributions from sedge and grasses in 1987, though
the composition of all plots has shifted considerably over
time. All plots were enclosed with 1-m diameter open-top
chambers (Drake et al. 1985, 1989). Half of the chambers
(Ambient) received ambient air delivered by a blower through
a manifold, and the other half (Elevated) received ambient
air mixed with CO, at a rate sufficient to increase the atmos-
pheric [CO,] above ambient by 340 ppm beginning in 1987.
Aboveground biomass was estimated in each plot in late July
each year using a combination of stem counts and allometry
for S. americanus (Lu et al. 2016), and by clipping subplots
for D. spicata and S. patens (Drake et al. 1989). In May 1998,
wells (sippers) were installed to sample soil porewater at three
depths, 20 and 40 cm for analysis of key porewater parameters
(Keller et al. 2009). We report salinity, pH, H,S, and NH,*
(analyzed following the methods of Keller et al. 2009) for two
depths over the interval of 2002-2013 for sedge- and grass-
dominated plots (Table 1).

To assess observational evidence of interactions between
the functional groups, we used plot-level plant species bio-
mass from the 33-year experiment. Because we found no

Table 1 Porewater chemistry of vegetation zones in the long-term
experiment at two different well depths. Values represent means and
(standard deviation) over the interval for which measurements were

strong and consistent treatment effects of elevated CO, on
plant community composition (as opposed to individual or
plot-scale plant biomass which does respond to elevated
CO,), we lumped data across treatments to yield greater rep-
lication within years and zones (n = 10). First, we regressed
annual grass biomass by annual sedge biomass across the
entire site and all years to determine if the relationship
between functional groups was positive, negative, or neu-
tral. Because the sedge and grasses exhibit distinct prefer-
ences for environmental conditions such as flooding regime,
salinity, and nutrient availability, which vary through space
and time, we would expect a negative relationship even in
the absence of species interactions. For instance, the sedges
dominate the lower elevation plots and the grasses dominate
the higher plots regardless of species interactions. There-
fore, we partitioned the dataset to examine relationships
within vegetation zones and within individual years, then
performed the same analysis.

Plant Removal Experiment

To experimentally determine the nature of the interac-
tion between plant functional groups, we performed a
removal experiment at the Global Change Research Wet-
land (GCReW) beginning in May 2013 (Reid 2013). The
study site was located within 300 m (Fig. S5) of the study
described above along a similar elevation profile. The plots
contained a mixture of a sedge, S. americanus, and two
grasses, S. patens and D. spicata, spanning a slight eleva-
tion gradient ranging from 0.14 to 0.23 m NAVDS88. Based
on hourly tidal data from the Annapolis gauge (gauge
8575512 https://tidesandcurrents.noaa.gov), which is
12 km from the site, for the 2013 growing season (May
1-Sept 30), these elevations were flooded 52% and 32%
of the time. Because hydroperiod and other abiotic factors
play a role in which species should be favored, a block
design was used to account for confounding environmental
influences. Six blocks were established: two blocks domi-
nated by grass based on percent cover, two dominated by
sedge and two intermediates. The grass-dominated zones
tend to be at higher elevation than the sedge-dominated

made in all plots (2002-2013). P values are from comparisons of
community differences in time-averaged values for each plot at each
porewater well depth (¢ test, n=10)

0.2-m deep Pvalue  0.4-m deep P value
C, (grass-dominated)  C; (sedge-dominated) C, (grass-dominated)  C; (sedge-dominated)
[H,S] (mmol L") 1.38 (0.40) 1.05 (0.27) 0.163  2.17(0.51) 1.22 (0.40) <0.001
pH 6.6 (0.2) 6.4 (0.2) 0.304  6.7(0.1) 6.5(0.2) 0.012
Salinity (ppt) 7.8 (2.0) 8.5(1.4) <0.001 8.2(1.9) 8.4 (1.7) 0.006
[NH, "] (umol L™Y) 132 (53) 287 (60) <0.001 34 (25 41 (27) <0.001
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zones, but there is considerable overlap in elevation among
each zone (Holmquist et al. 2021).

Each block contained four plots (0.5 % 0.5 m), linearly
arranged and separated by at least 1.2 m. Each plot was
randomly assigned to one of four treatments: no removal
(NR) control plots that were marked and measured like
the others, but the plant community was not manipulated;
sedge removal (SR) plots, from which all green sedges
were clipped at soil level; grass removal (GR) plots, from
which all green grass (S. patens and D. spicata) was cut
at ground level and removed; and all removal (AR) plots,
from which all vegetation was cut at ground level at the
beginning of the growing season in May 2013 to assess
impacts of the clipping disturbance.

The sedge removal and grass removal treatments were
administered three times throughout the growing season:
May, June, and August 2013. Those plants removed were
dried at 60 °C for 72 h and weighed. The AR treatment
was administered only once in May to examine which
species would recover and re-sprout faster following an
aboveground disturbance. During measurements, a 25 cm
square was placed in the center of each plot to allow a 25
cm buffer zone around the measurement area. Counts of
the number of green stems of each functional group were
taken. For sedge, counts consisted of the number of green
stems found within the 25 cm square. For grass, a smaller
10 cm square was placed in the corner of the 25 cm square.
The number of small squares needed to reach a statistically
robust number of 100 grass stems was then recorded in
addition to the count. Sedge and grass were measured in
the NR and AR plots, while only sedge was measured in
the GR plot and only grass was measured in the SR plots.

These measurements were recorded in May, June, and
August 2013. In September, which marked the end of the
growing season, and a time when the sedge was approxi-
mately halfway senesced, the plots were clipped at the
soil surface and bagged. Plant mass from the 25 cm center
square was kept separate from the remaining buffer portion.
Clippings were sorted to remove brown stems that were
found in the plots from previous seasons in the NR treat-
ment. Clipped grasses were sorted by species. Any stems
that had viable green tissue were considered to have grown
in the current growing season. Plant mass was dried and
weighed as described above. Stem densities are shown in
Fig. S3, but biomasses were analyzed for testing hypotheses.

Data Analysis
Long-Term Experiment
To investigate whether sedge and grass biomass were nega-

tively related over the course of the long-term experiment,
we used a linear mixed-effects model that accounted for

repeated measurements over time. More specifically, we
fit the linear model of grass biomass versus sedge biomass
when adjusting for the effects of year, plant community, and
CO, treatment, with a random intercept across chambers to
allow chamber-specific variability and to account for pos-
sible correlation among repeated measurements within the
same plot over time (model 1).

To display these data, we show two summary metrics
from these relationships, the slope in a simple linear regres-
sion model of annual grass biomass versus sedge biomass
in each plant community and the corresponding correlation
coefficient, . A strong negative relationship between the
abundance of the two species should yield a negative slope,
and a negative r with large magnitude. A positive interac-
tion would tend to yield a positive slope and a positive r
with relatively large magnitude. Weak interactions yield r
near zero.

Plant Removal Experiment

Treatments were blocked to account for abiotic conditions that
co-vary with relative elevation, so we used the absolute release
effect, the difference in biomass between removal treatments
(SR or GR) and the control plots (NR) in each block to evalu-
ate the effect of removing competition, otherwise known as
the intensity of competition (Grace 1993). For sedge, the
release effect was estimated as (Sedge biomass);z—(Sedge
biomass)yg. For grass, the release effect was estimated as
(Grass biomass)gg—(Grass biomass)yg-

We focused our analyses on absolute competition inten-
sity because low biomasses in some control plots (the
denominator) lead to highly variable estimates for relative
competition intensity. We used one-sample ¢ test to deter-
mine if the mean index of competition differed from zero
(n=06). If the mean release effect was greater than zero, it
suggested that competition occurred. If the mean release
effect was lower than zero, it suggested that removing other
species from the plot was detrimental to the target species
(i.e., facilitation). If the mean release effect did not differ
from zero it indicated no interactions. We used one-way
ANOVA to test whether on average the release effect differed
among plant communities. The Shapiro—Wilk test and the
Bartlett’s test were used to check normality and homogeneity
of variance, respectively.

Results
Long-Term Experiment

We found sedge biomass and grass biomass were negatively
correlated (Fig. 1), i.e., the slope estimate was —0.45 g m™>
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when time, plant community, and CO, treatment were held
fixed (Table 2, ty53= —11.49, p <0.01), which indicated
competition between these species. On average, elevated
CO, reduced the grass biomass by 57.60 g m~> compared
with the ambient treatment (f,,= —3.69, p <0.01) adjusting
for other variables in the model (Table 2). We fit another
similar linear mixed-effects model of sedge biomass versus
grass biomass, time, plant community, and CO, treatment
to test on the effect of elevated CO, on sedge growth, but
we did not find this effect statistically significant (results
not shown).

The magnitude of the slope in the simple linear regres-
sion of grass biomass versus sedge biomass varied through
time in all plant communities (Fig. 2), which indicates a
potential interaction between the linear relationship of grass
biomass versus sedge biomass and time. To further inves-
tigate whether the linear relationship between sedge and
grass biomass changed over time and whether this interac-
tive effect differed among plant communities, we fit a linear
mixed-effects model with random intercept across chambers
of grass biomass against sedge biomass, time, the interaction
between sedge biomass and time, and the CO, treatment
in each of the three communities (models 2—4). We found
that this linear relationship weakened over time in all com-
munities (Table 3). That is, for every 1 g m~ increase in
the sedge biomass, the reduction in the mean grass biomass
decreased by 0.0056 g m~2, 0.059 g m~2, and 0.021 g m~>
every year in the sedge-dominated, grass-dominated, and the
mixture community, respectively. This interactive effect was
statistically significant in the grass-dominated (t3,;,=2.02,
p=0.044) and the mixed community (t3;;,=3.21, p<0.01),
but not in the sedge-dominated community (#3,;,=1.31,
p=0.19).
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Fig.1 Scatterplot of annual grass biomass and sedge biomass of individual
plots over 35 years of biomass assessments across three elevation zones in
both ambient and elevated treatments of the long-term experiment
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Table 2 Estimation results for model 1

Fixed effects Estimate  Standard error  Test results

Sedge biomass  —0.45 0.040 losg=—11.49, p <0.01
Year —7.43 0.75 fos3=—9.88, p<0.01
Plant community*

C, 118.12  26.42 =447, p<0.01
Mixture 103.65 21.32 1,6=4.86, p<0.01
CO, treatment ~ —57.60 15.63 te=—3.69, p<0.01

“C, is the reference group for the categorical variable plant commu-
nity

Plant Removal Experiment

In the control (no removal) group, grass-dominated plots
were composed of 80% grass and 20% sedge; mixed plots
were 63% sedge, 47% grass, and sedge-dominated plots were
83% sedge and 17% grass by mass (Fig. 3). Regarding the
two grasses, the mean biomass of S. patens was greater in
the grass-dominated community than in the other two com-
munities (Fig. 3, F. »3=10.21, p= 0.046), while no difference

Community

Cy

Slope (g g)

0.5

-0.5

1990 2000 2010 1990 2000 2010

Year

1990 2000 2010

Fig.2 The slope (top panels) and correlation coefficient, r, (bottom
panels) of the linear relationship between sedge and grass biomass
through time in each of the three elevation zones in the long-term
experiment. Negative slopes indicate negative relationships (i.e.,
competition) between sedge and grass abundance. Each point repre-
sents the relationship for 10 plots within a community for a year. In
cases where either sedge or grasses were present in <2 plots, no data
are shown
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Table 3 Estimation results for

Fixed effects Estimate Std. error Test results
models 2, 3, and 4

Model 2 Sedge biomass —-0.40 0.074 t317=—5.46, p<0.01

C; community Year 261 2.60 ty7=—1.00, p=0.32
CO, treatment -87.75 18.06 te=—4.86, p<0.01
Sedge biomass: year 0.0056 0.0043 t317=1.31,p=0.19

Model 3 Sedge biomass —2.42 0.89 t317=—2.72,p<0.01

C, community Year -10.23 1.82 ty7= —5.64, p<0.01
CO, treatment -77.83 30.81 tg=—2.53, p=0.036
Sedge biomass: year 0.059 0.029 1317=2.02, p=0.044

Model 4 Sedge biomass —0.78 0.16 t317=—5.00, p<0.01

Mixed community Year -17.16 1.99 ty,=—8.61, p<0.01
CO, treatment —4.75 19.92 ts=—-0.24, p=0.82
Sedge biomass: year 0.021 0.0066 t317=3.21, p<0.01

in mean biomass of D. spicata was observed (F, ;=0.069,
p=0.94).

On average, removing a functional group (either sedge or
grass) resulted in enhanced growth of the other functional
group (a positive release effect) across different communi-
ties, i.e., the mean sedge release effect (107.3 g m~2with
standard error 21.5 g m~2) and the mean grass release effect
(97.8 g m~? with standard error 16.8 g m~2) were both

Treatment
Grass removal Sedge removal

500 ]
S. americanus
400
300
200
100 i I
= = - -

300 M p. spicata
I S. patens

e

C, MX C; C, MX C; C, MX C,
Community

No removal

Biomass (g m2)
o

Fig.3 Mean plot biomass of S. americanus, S. patens, and D. spicata
in each treatment in each community in the plant-removal experiment
harvested destructively at the end of the growing season in September
2013. Columns represent mean =+ standard error (n=2 in each com-
munity)

greater than O (sedge release effect: £;=4.99, p <0.01; grass
release effect: t5=>5.84, p <0.01). The mean sedge release
effect and the mean grass release effect seemed to differ
across plant communities (Fig. 4), but a one-way ANOVA
showed that these differences were not statistically signifi-
cant (sedge release effect: Fy3= 2.84, p=0.20; grass release
effect: F2,3=2.72, p=0.21). Of the two grass species, D.
spicata responded to sedge removal more strongly than S.
patens in sedge-dominated community (¢,=4.15, p=0.053),
but not in other communities (Fig. 3). Results from AR plots
and total biomass across species, which were not used in
competition calculations, are shown in Fig. S6.

Discussion

Our findings indicate interspecific competition shapes the
dominance patterns among the sedge, S. americanus, and
C, grasses, S. patens and D. spicata, throughout a large por-
tion of their ranges at this site. The long-term experiment
yielded an inverse relationship between sedge and grass bio-
mass (Fig. 1), indicative of a negative interaction among the
species. Accounting for other variables, a 1 g m~2 increase
in sedge biomass related to a decrease in the mean grass
biomass of 0.45 g m~2 (Table 2). To aid visualization of
the negative relationship between the abundance of different
species adjusting for the influence of abiotic conditions such
as flooding regime or soil conditions, which vary over space
and through time, we examined the strength of the relation-
ship within the same elevation zone in individual years.
Still, negative relationships between grass and sedge bio-
mass were prevalent, which was consistent with the results
of model 1 (Fig. 2, Table 3). To unequivocally determine the
nature of plant interactions, we conducted a plant removal
experiment along an elevational gradient in adjacent plots.
This experiment yielded a significant increase in biomass for
both the sedge and grass species when the other functional
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Grass

MX C,

Fig.4 Competition intensity in the plant-removal experiment esti-
mated as the release effect, the magnitude of the difference in end-
of-season biomass of the focal functional group between unmanipu-
lated control plots and plots from which the competitors have been
removed in each block. Greater positive values indicate stronger
competition. For both species, release effects were greater than zero
(p<0.01), but did not differ among communities. Bars represent
means + standard error (n=2 in each community)

S. americanus

150+
100
MX C,

Cq

Release effect (g m)
(é)]
o

Cy
Community

o

group was removed (Figs. 3 and 4), corroborating the evi-
dence that competition drives plant community composition
observed in the long-term experiment.

Our finding that competition structures this marsh
plant community agrees with some previous work in other
marshes (Valiela et al. 1978; Bertness and Ellison 1987,
Brose and Tielborger 2005; Pennings et al. 2005), but the
existence of mutual competitive effects, i.e., that each spe-
cies inhibited the other, differs from other findings. In previ-
ous studies, the zonation patterns of Spartina alterniflora, a
C, grass, and Juncus roemerianus, a C; rush, were attributed
to a trade-off between stress tolerance and competitive abil-
ity. The range of J. roemerianus had limitations set by abi-
otic factors while the range of S. alterniflora was determined
by competition (Pennings et al. 2005). Other studies only
removed one competitor and did not examine mutual compe-
tition (e.g., Brose and Tielborger 2005). In our experiment,
both functional groups exhibited a release from competition,
suggesting that the realized distributions of both grasses and
sedge were determined by mutual competitive interactions.

Marshes are considered stressful habitats owing to high
porewater salinity and soil anoxia, but also commonly
exhibit facilitation among plants (Bertness and Hacker 1994;
Cui et al. 2011). Past findings of facilitation contrast with
results from our experiments, where negative relationships
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in abundance dominated and release effects indicated com-
petition across a range of elevations. That we found no evi-
dence for facilitation could be explained by differences in
the traits of the plant species that comprise the community.
The most severe agent of stress in this brackish marsh where
salinity typically peaks below 12 ppt is anoxia (Erickson
et al. 2007). Facilitation would be expected at low eleva-
tions where flooding is more frequent provided that the plant
species present release O, to the rhizosphere and thereby
reduce stress for surrounding plants (Callaway and King
1996). Much of facilitation literature has included plants
such Typha latifolia and Spartina alterniflora, which can
strongly oxidize the rhizosphere. Neither of those strongly
aerating species were present in our plots. Though S. amer-
icanus can be highly aerenchymous, perhaps none of the
focal species in the present study release sufficient oxygen
to facilitate other plant species.

Mechanisms of Competition

This release effect, an increase in target species growth when
competitors are removed, likely derives from increased
availability of resources, most probably nutrients and light.
Previous work at this site has shown a strong positive asso-
ciation between grass biomass and porewater [N] (Keller
et al. 2009, Table 1) which we interpret as the manifesta-
tion of grasses having a lower affinity for N than the sedge
(Cott et al. 2018). Moreover, fertilization with N greatly
increases grass biomass (Langley and Hungate 2014). Both
patterns suggest that N scarcity plays a role in mediating
competition particularly where the sedge dominates over the
grasses. Where nutrients are more available, grasses, such
as S. patens and D. spicata, may be superior competitors
for light over Juncus gerardi (Levine et al. 1998). These
grasses commonly grow horizontally in thick mats that
greatly diminish light penetration to the soil surface. While
live S. americanus stems grow vertically and linearly, the
resulting litter can remain suspended in the canopy for sev-
eral years, accumulating in thick layers that also intercept a
large portion light. So, competition for light could be mutual
in the present marsh.

Flooding stress has increased with relative sea level rise
and the plant communities have generally shifted towards
increasing dominance by the sedge (Figs. S1 and S2).
Increasing flooding frequency over the past decades also
appears to diminish the strength of competition in the long-
term experiment (Fig. 2, Tables 2 and 3). Similarly, release
effects tended to have smaller magnitude in sedge-dominated
(lower elevation) plots (Fig. 4), though there were no statis-
tically significant differences. Both patterns agree with the
stress gradient hypothesis. Moreover, the observation that
relative abundance of these species varies along elevation
gradients (i.e., grasses tend to dominate higher and sedge
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dominates lower), even though grasses and sedges are capa-
ble of growing throughout most of the common elevation
range (Holmquist et al. 2021) in this marsh, indicates that
flooding regime has a strong influence on the outcome of
competition.

The evidence found herein for the prevalence of com-
petition helps explain patterns in the long-term experi-
ment. For instance, whereas the sedge has followed our
prediction of increasing in abundance through time in the
higher-elevation C, plots as sea level has risen, D. spicata
drove an unexpected resurgence of grass biomass in the
low-elevation plots (Supplemental Fig. S1, right panel)
as sea level rose rapidly (Fig. S2). In fact, many areas of
the marsh that are disturbed by human or animal activity
become vigorously colonized by D. spicata (Brewer et al.
1998), even at elevations below where it occurs in undis-
turbed marsh (Fig. S4). Moreover, other perturbations
such as adding nitrogen can reverse the outcome of com-
petition (Levine et al. 1998) even in low-elevation plots
in this marsh (Langley and Megonigal 2010). The distri-
bution of plant species that comprise plant community
zonation patterns must be understood to be limited to the
ecological context in which they occur, because patterns
of dominance can change as species respond to physical
disturbance, altered nutrient regime, or climate change
according to species-specific and genotype-specific traits.

Implications for Marsh Sustainability

Plant species interactions can drive changes in plant com-
munity composition with consequences for the soil-building
processes that sustain coastal wetlands. The prevalence of
competition in this marsh, even under stressful conditions,
appears to have the effect of stabilizing the production of plant
biomass over time. Despite substantial shifts in plant domi-
nance as sea level rise has accelerated above historical rates
and an unexplained surge of grasses in sedge-dominated plots
around 1995 (Fig. S1, top panels), total biomass has remained
strikingly consistent (Fig. S1, bottom panels). The outcome
for plant productivity may be quite different in marshes where
positive interactions, such as facilitation, are common. In
those cases, positive interactions among plant species may
yield less stable total biomass production over time, which
could result in a more sudden decline in plant biomass, and
therefore, marsh elevation gain, in response to sea level rise.
We posit that competitive plant communities may exhibit
distinct patterns of resilience from facilitative communities.
Our results illustrate the point that researchers may need to
consider more than the most flood-tolerant species for fore-
casting marsh sustainability. In this marsh, one may presume
to base projections of plant productivity, and therefore eleva-
tion gain, on the production patterns of the sedge because

it tends to dominate lower portions of the marsh in these
plots. However, projecting the marsh response to sea level
rise assuming a monospecific stand of S. americanus would
ignore the contributions of grasses when and where sedges
decline and would result in an underestimation of marsh
resiliency in this ecosystem. Marshes have optimum eleva-
tions relative to sea level at which plant production peaks.
With smoothly accelerating relative sea level rise, a marsh
that falls below the optimum elevation will not recover. Even
though some plants may be able to grow below this elevation,
they will not produce enough biomass to sustain elevation
gain at the rate required to counteract accelerating sea level
rise (Morris 2006). Therefore, it is the whole community that
occurs above the elevation of total peak biomass, not the indi-
vidual species with the lowest range, which is most important
for determining the fate of the ecosystem. Perturbation of the
flooding regime or other global changes may release previ-
ously subdominant species from competition, allowing them
to contribute meaningfully to elevation gain.

Plants play a critical role in determining future marsh
elevation gain as they protect against soil loss to erosion
(Cahoon et al. 2020), and individual species differ in their
contributions to elevation gain (Krauss et al. 2003; Chen
et al. 2018). We recommend future sea level manipulations
allow for a realistic assemblage of plant species (e.g., Peng
et al. 2018) and or competition treatments (e.g., Schile et al.
2017) to allow assessment of how interactions may alter
flooding tolerance of individual plant species. Observational
surveys that are used to infer elevational ranges should be
paired with manipulative studies to separate the effects of
ecological interactions from physical stressors.
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tary material available at https://doi.org/10.1007/s12237-021-01043-9.
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