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Abstract Coastal wetlands, well recognized for their ecosys-
tem services, have faced many threats throughout the USA
and elsewhere. While managers require good information on
the net impact of these combined stressors on wetlands, little
such information exists. We conducted a 4-month mesocosm
study to analyze the multiple stressor effects of precipitation
changes, sea level rise, and eutrophication on the salt marsh
plant Spartina alterniflora. Pots containing plants in an organ-
ic soil matrix were positioned in tanks and received
Narragansett Bay (RI, USA) water. The study simulated three
precipitation levels (ambient daily rain, biweekly storm, and
drought), three levels of tidal inundations (high (15 cm below
mean high water (MHW)), mean (MHW), and low (15 cm
above MHW)), and two nutrient enrichment levels (unen-
riched and nutrient-enriched bay water). Our results demon-
strate that storm and drought stressors led to significantly less
above- and belowground biomass than those in ambient rain
conditions. Plants that were flooded at high inundation had
less belowground biomass, fine roots, and shoots. Nutrients
had no detectable effect on aboveground biomass, but the
enriched pots had higher stem counts and more fine roots than

unenriched pots, in addition to greater CO2 emission rates;
however, the unenriched pots had significantly more coarse
roots and rhizomes, which help to build peat in organogenic
marshes. These results suggest that multiple stressors of al-
tered precipitation, sea level rise, and nutrient enrichment
would lead to reduced marsh sustainability.
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Introduction

Coastal areas in the Northeastern USA have long been asso-
ciated with high population densities, residential land devel-
opment, and high nutrient loadings (Deegan et al. 2012). In
addition to increasing cultural eutrophication, salt marshes in
this area are also subject to increasing rates of sea level rise
(SLR) and changing precipitation patterns (Sallenger et al.
2012; Boon 2012; IPCC 2014; Kirwan and Megonigal
2013). The Northeastern USA has been a particular hot spot
for SLR, where over the past four decades increases in SLR
rates were 3–4 times higher in the Northeastern USA than the
worldwide average, with sea level rate differences on the
Atlantic coast from Cape Hatteras north to Boston averaging
0.38 ± 0.01 cm year−1 compared to the global average of
0.098±0.04 cm year−1 (Yin et al. 2009; Church and White
2011; Sallenger et al. 2012; Boon 2012). This accelerated rate
of SLR is expected to limit the ability of coastal salt marshes
to build peat and maintain elevation (Cahoon et al. 2009),
especially in the Northeastern USA where sediment supply
to coastal wetlands is naturally low or diminished due to hu-
man activities (Weston 2014). In addition, the Northeastern
USA is predicted to experience more frequent storms, heavier
and more intense rainfall, and episodic droughts in the future
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(IPCC 2014). The interactions and compounding effects of
multiple stressors such as these are difficult to predict and
can result in unexpected marsh system responses (Cahoon
and Guntenspergen 2010; Fagherazzi et al. 2012; Kirwan
and Megonigal 2013).

Recent studies have examined the effects of multiple
stressors on coastal salt marshes. In coastal California, the abil-
ity of salt marsh systems to serve as robust coastal nutrient
filters was severely reduced when SLR caused loss of marsh
plants through water logging, while nitrogen retention in plants
increased when exposed to higher nutrient loads (Nelson and
Zavaleta 2012). In order to persist and counteract inundation
effects such as these, marshes exposed to increasing rates of
SLR will need to increase rates of soil elevation. This will be
dependent upon several processes, but most importantly to the
organogenic soils of the Northeastern USA, mineral sediment
deposition, and belowground organic matter accumulation
(Kirwan and Mudd 2012; Kirwan and Megonigal 2013). In a
separate study, increases in atmospheric CO2 stimulated both
belowground root productivity and elevation gain in tidal
brackish marshes (Langley et al. 2009). Surprisingly, the CO2

effect was enhanced under increasing salinity and flooding
conditions, suggesting that increases in CO2 also increase the
capacity of coastal wetlands to tolerate SLR; nitrogen addition,
however, tended to negate elevation gains caused by increased
CO2 levels alone (Langley et al. 2009). Another study exam-
ining the interactive effects of the rate of SLR and warming on
marsh plant productivity using model simulations found that
plant responses also differed depending upon the elevation of
the marsh relative to sea level (Kirwan and Mudd 2012).
However, no study to our knowledge has examined the com-
bined effects of accelerated sea level rise, nutrient enrichment,
and changing precipitation patterns on salt marshes. Because
these three stressors are present-day management concerns, we
used a factorial design in a greenhouse experiment to examine
effects and interactions. In concurrent studies, we reported the
marsh system level responses to these three stressors (Watson
et al. 2014; Oczkowski et al. 2016), and here, we present the
plant community-level effects.

A better understanding of the effects of multiple stressors
and their compounding effects on coastal systems is needed to
improve predictive models and restoration approaches that
assist coastal resource managers in selecting appropriate cli-
mate adaptation practices (Crain et al. 2008; Beier et al. 2012;
Fagherazzi et al. 2012; Stein et al. 2013; Wigand et al. 2016).
To study multiple stressor effects and responses, we carried
out a mesocosm greenhouse experiment which examined
changing precipitation patterns and SLR, in both unaltered
and nutrient-enriched seawater in tanks using the
Northeastern USA low salt marsh dominant species,
S. alterniflora. We hypothesized that nutrient enrichment
would lead to an increase in aboveground production coupled
with a decrease in belowground production and that multiple

stressors would not ameliorate the effects of one another, but
would overall lead to deteriorating marsh conditions in the
treatments exposed to stressors. Further, we predicted that
longer periods of drought would lead to a decrease in plant
production and the rate of peat buildup and an increase in CO2

efflux from the soil, while prolonged tidal inundation would
negatively affect above- and belowground biomass, as well as
S. alterniflora stem height and count.

Methods

Experimental Design

We examined the main and compounding effects of three
stressors (precipitation patterns, SLR, and nutrient loading)
with mesocosms using a 3×3×2 factorial design, to test the
main effects and interactions of stressors on aboveground
growth and biomass, belowground growth of roots and rhi-
zomes, and soil CO2 emission rates. Exposure mesocosms
were plant pots fabricated from PVC piping and maintained
for four months (July to November 2011) in a greenhouse at
the U.S. EPA Atlantic Ecology Division in Narragansett, RI.
The tanks that held the pots were constructed to simulate dif-
ferent inundation treatments by using the Bmarsh organ^ de-
sign of Morris et al. (2002) (Fig. 1). Seventy-two pots
(Fig. 1a), each containing one nursery-grown S. alterniflora
16-cm3 plug, were placed in six tanks (700 L, 1.2 m diameter,
0.6 m height). Each pot was filled with a homogenous mixture
of peat from southern New England salt marshes and mature
sieved compost soil to mimic organic rich soils in the
Northeastern USA (Allen 1990).

The tanks received raw seawater pumped in from
Narragansett Bay and were filled and drained twice daily on a
semidiurnal tidal regime. Tanks were filled from low tide height
(0.2 m) to high tide height (0.42 m) over the course of 4 h,
remained at high tide over a 2-h slack period, and then drained
back down to low tide followed by another 2-h slack period. The
mesocosms were set up as a 3×3×2 factorial design (n=4) to
receive three levels of precipitation (ambient daily rain, biweekly
storm, and drought), three inundation levels (high, mean, and
low), and two levels of nutrient enrichment (unenriched bay
water and nutrient-enriched bay water, Fig. 1a).

Inundation Treatments

Pots had an open top and a bottom fitted with a fine mesh
nylon screen (125 μm) to allow vertical water exchange up-
wards. Each pot was 10.2 cm in diameter and one of three
different heights (30, 45, and 60 cm) to represent three differ-
ent elevations and inundation regimes on a marsh platform;
the S. alterniflora in 30 cm pots represented a low elevation
creek bank (−15 cm mean high water (MHW)), 45 cm pots
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represented the middle marsh platform at MHW, and 60 cm
pots represented a high marsh elevation (+15 cm MHW,
Fig. 1b). Since high tide reached 0.42 m, pots at the high
inundation were completely inundated with seawater during
high tide, while the tide reached near the pot surface at the
mean inundation level. At low tide, no pots were inundated

with seawater. Based on previous studies examining the opti-
mal elevation for S. alterniflora growth relative toMHW (e.g.,
Morris et al. 2002; Fagherazzi et al. 2012;Watson et al. 2014),
we considered the MHW (mean inundation) at middle marsh
elevation our control treatment, representing the most optimal
elevation for S. alterniflora in our study.

Precipitation Treatments

Precipitation was added to the tanks as artificial rainwater with
a nitrate concentration of 65 μM from potassium nitrate, as
determined by averaging the summer nitrogen concentrations
in rainwater measured from local monitoring stations (2007–
2009 at CT 15, MA 01, and MA 08; http://nadp.sws.uiuc.edu).
The two ambient rain tanks received 3 mm of rainwater daily,
the two storm tanks received 10 cm rainwater once every
fortnight, and the two drought tanks received no freshwater
for the duration of the experiment. Ambient rainwater
volumes were based on actual rainfall measurements
collected locally at T.F. Green State Airport, Rhode Island
(ID: GHCND:USW00014765; http://www.ncdc.noaa.gov/).
Total rainfall values for the summer months (i.e., growing
season) were divided by the number of days in summer to
determine average daily rain to apply to the ambient rain
tanks (3 mm). Storm treatment rain volumes (10 cm) were
based on summer rainfall totals and were designed to represent
an intense storm event. Water was sprinkled over the top of the
tanks using a watering can and evenly dispersed among the
pots and overlying tank seawater. We considered ambient rain-
fall to be our control, representing a condition not associated
with future climate change projections.

Nutrient Treatments

Nutrients were added to one of each precipitation treatment
tank, while the other corresponding three tanks received no
nutrient additions (Fig. 1a). The unenriched tanks were con-
sidered our control treatment, as it resembled a scenario with
no additional anthropogenic nitrogen and phosphorus inputs.
Dissolved nutrients (1.155 g ammonium nitrate and 0.128 g
phosphorus pentoxide) were applied in 100 mL aliquots once
daily into the water column during the tanks’ incoming tide.
The nitrogen addition concentrations (340 mg N m−2 day−1)
were based on sewage effluent loadings reported for the high-
ly enriched Jamaica Bay estuary, New York (Benotti et al.
2007), and phosphorus loading to 47 mg P m−2 day−1 to
achieve a molar N/P ratio of 16:1.

Overlying tank water samples were collected thrice weekly
and pH was measured using an Accumet AP115 meter. The
remaining sample volumes were then stored in a −10 °C freez-
er until ready for nutrient analysis. Nitrate (NO3

−), nitrite
(NO2

−), ammonia (as NH4
+), and orthophosphate (PO4

3−)
were quantified on an Astoria2 Autoanalyzer (Astoria-
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Fig. 1 Experimental setup. a A schematic of the six tanks with circles
representing different treatments. Tanks in the left columnwere filled with
seawater as our control (unenriched), but the tanks in the right column
were also filled a daily fertilizer aliquot (enriched). The top row represents
the two control ambient precipitation tanks (small raindrops), the middle
row shows the drought tanks, and the bottom row shows the storm tanks
(storm clouds and large raindrops). The lengths of the pots (n= 4) in each
circle represent the three different marsh habitats, where medium-sized
pots represent our control middle marsh (mean inundation level), the
longer pots represent a high marsh (low inundation), and the shorter pots
represent a low marsh (high inundation). b A schematic that shows the
height of the water level during the tides. The twowaterlines represent the
inundation levels reached during each high and low tide relative to the pot
heights
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Pacific, OR). Nitrate and nitrite concentrations were deter-
mined using cadmium reduction (U.S. EPA method 353.2),
and ammonia and orthophosphate were also analyzed using
EPA methods (U.S. EPA methods 350.1 and 365.1, respec-
tively) with blanks after every 10 samples and standard checks
every 15 samples for all analyses.

In a concurrent study, we observed and reported blooms of
phytoplankton, microphytobenthos, and macroalgae in the
enriched tanks, which competed with S. alterniflora for dis-
solved nutrients (Oczkowski et al. 2016). Measured nutrient
concentrations were higher in the enriched tanks than the un-
enriched tanks (63.55±2.11 and 5.78±0.54 μMDIN, respec-
tively). Salinity and pH of overlying water were also moni-
tored throughout the experiment. The pH ranged from 7.86 to
8.00 across all tanks and salinity ranged from 31 to 33‰
(Table S1) throughout the experiment, matching the marine
water pumped in from Narragansett Bay; these conditions
were similar in all tanks throughout the experiment.

Vegetation and Soil Parameters

Stem Counts, Heights, and Aboveground Biomass

Once monthly, heights and numbers of all stems were mea-
sured. At the conclusion of the experiment, all aboveground
growth was clipped and harvested, rinsed clean, dried in a
60 °C oven to remove all moisture, and then weighed.
Aboveground biomass was only determined for the same pots
that were later analyzed for belowground biomass, only n=3
for each treatment combination.

Soil CO2 Efflux

After aboveground plants were clipped at the surface, the ex-
posed stems were plugged with silicone sealant to prevent gas
exchange. Soil CO2 emissions were measured at this time for
each pot using a Li-COR 8100 CO2 flux system and dome
(Wigand et al. 2009) during daytime low tide. Each pot was
measured once for CO2 efflux.

Belowground Structure and Biomass

Computer-aided tomography (CT) was used to image the be-
lowground coarse roots and rhizomes in the pots (Davey et al.
2011). Three of the four S. alterniflora pot replicates were
prepared for CT scanning by inserting calibration rods of air,
water, and glass into the pots; these provided reference stan-
dards to estimate the specific particle densities of the coarse
roots and rhizomes. The pots were scanned at RI Medical
Imaging (East Greenwich, RI) on a GE Medical Systems
Light Speed 16 Helios Version 1 CT scanner. The cores were
spirally scanned in a horizontal position from the top to the
bottom of the core with the resolution set at a slice thickness of

0.625 mm. Images were analyzed using the software OsriX
(Pixmeo; Geneva, Switzerland) and ImageJ (National
Institutes of Health) to quantify belowground coarse root
and rhizome abundance, counts, and volume. Coarse roots
were defined as having diameters of greater than or equal to
1 mm but less than 2 mm, and rhizomes as having diameters
greater than or equal to 2 mm (Davey et al. 2011). Fine roots,
defined as having diameters less than 1 mm, were not able to
be detected through CT imaging due to resolution limitations.

After CT imaging, pots were kept upright in the freezer
until ready for soil characterization. Belowground parameters
were only measured in the active root zone, to a depth of
20 cm (Valiela et al. 1976). Pots were defrosted, extruded,
and sectioned into 10 cm lengths to 20 cm depth and returned
to the freezer until roots and rhizomes were ready to be rinsed
to remove the soil, dried at 60 °C, and weighed. Three samples
for each treatment (representing each possible combination of
precipitation × elevation × nutrient enrichment) were mea-
sured for belowground characteristics, with 54 samples ana-
lyzed in total. Fine root dry mass was estimated as the differ-
ence between the hand-sieved belowground biomass and the
estimated dry mass of the coarse roots and rhizomes measured
with CT imaging. The dry mass of the coarse roots and rhi-
zomes was estimated from the CT wet volume using a con-
version factor of 2.2 determined from the wet density/dry
density equation reported in Davey et al. (2011). All fine root
biomass totals that were estimated to be negative values after
the equation calculation were treated as zeros.

Statistics

Three-way ANOVA models with precipitation (ambient,
storm, drought), inundation (high, mean, low), and nutrients
(unenriched, enriched) as main effects were used to analyze
above- and belowground responses. CO2 efflux values were
natural log transformed and estimated fine root biomass data
were natural log plus 1 transformed (ln (x+ 1)) prior to
ANOVA analyses. When statistically significant interactions
were present, differences between means of treatment combi-
nations from the two variables were compared using
Bonferroni’s correction. Bonferroni was used because not all
factor combination comparisons were of interest (e.g., if pre-
cipitation interacted significantly with nutrients, ambient/
unenriched vs. storm/unenriched would be of interest, but
not ambient/unenriched vs. storm/enriched), and therefore,
Bonferroni’s correction resulted in the more statistically pow-
erful tests. When no interaction was present, differences be-
tween means were tested with Tukey’s pairwise comparison
method, which is more powerful than Bonferroni when all
comparisons are of interest. All ANOVAs were tested at the
95 % confidence level. Analyses were performed using SAS
9.3 statistical software (SAS Institute 2011).
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Results

Aboveground Biomass, Stem Counts, and Heights

The precipitation × inundation and inundation × nutrient enrich-
ment interaction terms were both significant (p=0.0001 and
p=0.04, respectively) for aboveground biomass at the end of
the growing season (Table S2). The precipitation × inundation
interaction was driven by the low inundation ambient rain treat-
ment, which had greater aboveground biomass than comparable
drought, storm, and ambient inundation treatments (Table S3).
Unenriched ambient treatment at low inundation averaged
3594 g m−2 compared to the averaged 2134 g m−2 in the
nutrient-enriched ambient tank (Fig. 2a). The significant result
of the inundation × nutrient interactionwas driven by unenriched
treatments, where unenriched mean and low inundations (1717
±168 and 1964±454 g m−2, respectively) were greater than
unenriched high inundations (1106±74 g m−2) (Table S3).

However, nutrient additions had no effect on aboveground bio-
mass as a main effect. Generally, inundation and precipitation
main effects both had a negative effect on aboveground biomass
(Fig. 2a). Plants receiving storm and drought precipitation treat-
ments (1337±111 and 1218±70 g m−2, respectively) showed
decreased aboveground biomass compared to ambient precipita-
tion treatments (2006±228 g m−2). Pots at the low inundation
treatment showed greater biomass (1730±258 g m−2) and those
at the high inundation had a lower biomass (1261±81 g m−2),
relative to mean inundation (1569± 103 g m−2) (Fig. 2a).
Overall, the aboveground biomass in pots at the low inundation
was greater than the biomass at the high inundation.

The final sampling average stem count three-way interac-
tion was significant (p=0.01) as well as the interactions for
precipitation × inundation at both peak and final samplings
(p= 0.01 and p= 0.03, respectively) (Table S2). At peak
(September 2011), the differences were again observed in
the ambient treatment at mean inundation, which had greater
stem counts than the ambient treatment at high inundation (15
±2 and 8±1, respectively), while enrichment was not signif-
icant (Table S3). At the end of the experiment (November
2011), the results were more ambiguous due to the three-
way interaction. While enriched drought and storm treatments
showed some instances of having greater stem counts than in
corresponding unenriched treatments, this was not observed
between the ambient enriched and unenriched treatments, and
both the ambient and storm treatments showed instances of
having greater counts than the drought treatments (Fig. 3;
Table S4). Stem counts measured during peak biomass
showed no significant differences between plants in unen-
riched and enriched tanks (Table S2). However, measure-
ments at the end of the growing season showed trends that
average stem count was greater in the enriched tanks (16±1 in
enriched and 13±1 in unenriched; Fig. 3), while the average
height per pot was greater in the unenriched tanks (40±2.2 cm
in unenriched and 32±1.6 cm in enriched; Fig. 4, Table S3).

The precipitation × nutrient enrichment interaction was
significant for average stem heights at both peak and final
samplings (p=0.01 and p=0.02, respectively); the only other
significant interaction was at peak for precipitation × inunda-
tion (p=0.05) (Table S2). These results were driven by the
ambient rain tanks, particularly in the unenriched tank (36±2
peak and 49±4 cm final), which had significantly taller stems
than the enriched ambient tank (29±3 peak and 33±3 cm
final), and the unenriched drought (24 ± 2 peak and 38
±3 cm final) and storm (24±2 peak and 32±2 cm final) tanks
at both peak and final samplings (Fig. 4; Table S3). At peak,
these significant interactions are also evident in the low inun-
dation ambient treatment which had the tallest stems, and
similarly at the end of the experiment when plants at the low
inundation across all precipitation and enrichment treatments
were significantly taller than those at other inundations
(p=0.003) (Tables S2 and S3).
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Fig. 2 Above- and belowground biomass for Spartina alterniflora.
Standard errors (n = 6) are displayed with each average. a Average
aboveground biomass (g m−2); values were averaged across treatment
combinations. Significant differences were observed in precipitation ×
inundation and inundation × enrichment interactions, and precipitation
and inundation main effects. b Average hand-sieved belowground
biomass (g m−2) to a depth of 20 cm with values averaged across all
treatments combinations. Significant differences were observed in:
precipitation × inundation two-way interaction, and precipitation and
inundation main effects
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Belowground Structure and Biomass

The hand-sieved total belowground biomass (0–20 cm depth)
precipitation × inundation interaction term was significant
(p=0.0004), which was again driven by the ambient low in-
undation (2026±308 g m−2), which had greater belowground
biomass than both storm and drought low inundations (1081
±176 and 658±77 gm−2, respectively) and ambient mean and
high inundations (1174±152 and 597±118 g m−2, respective-
ly) (Tables S3 and S5). The biomass of low inundation expo-
sures (1255±187 g m−2) was greater than the mean inunda-
tion (960±117 g m−2), which was greater than high inunda-
tion biomass (606±96 g m−2; p<0.0001; Fig. 2b).

Although the hand-sieved total belowground biomass
showed no significant difference between unenriched and
enriched treatments (p>0.05), the CT-scanned average abun-
dances of coarse roots and rhizomes did display a trend of
greater abundances in the unenriched than the enriched pots
(4193 and 3290 n m−2, respectively; p=0.0009) (Fig. 5, S1,
S2; Table S5). However, the three-way precipitation × inun-
dation × enrichment interaction term was significant
(p=0.04). The results of the Bonferroni correction show that
the enrichment differences were found within the low

inundation treatments, where the unenriched ambient (5656
±283 n m−2) was greater than the enriched ambient (3670
±324 n m−2), and the unenriched storm (4899±443 n m−2)
was greater than the enriched storm (2948 ± 355 n m−2)
(Figs. 5 and S2; Table S4). Additionally, the precipitation
differences were driven by both the ambient and storm unen-
riched low inundation treatment plants having greater coarse
root and rhizome abundances than the drought unenriched low
inundation plants (Fig. S2). The inundation differences were
due to differences in the unenriched drought treatments, where
the high inundation plants (5070± 589 n m−2) had greater
abundances than the mean inundation and low inundation
plants (2884± 352 and 2840±211 n m−2, respectively). In
contrast, the enriched pots had a greater estimated fine root
mass than the unenriched pots (565±89 and 387±100 g m−2,
respectively; p=0.002) (Tables 1, S3, and S5). The greater
coarse root and rhizome abundance in the unenriched pots
and the greater fine root biomass in the enriched pots support
the finding of overall belowground biomass not being signif-
icantly different between the two treatments. The greater mass
of estimated fine roots in the enriched pots might be the result
of shorter, yet more abundant stem counts observed in the
enriched aboveground plants.
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Both hand-sieved belowground biomass and CT-
derived coarse roots and rhizome abundance were
greatest in the low inundation, and the mean inundation
was greater than the high inundation, indicating that
pots not subjected to sea level rise conditions had great-
er belowground biomass than pots flooded in seawater
(Figs. 2b, 5, S1, and S2).

Soil CO2 Efflux

At the conclusion of the experiment, precipitation × inundation
(p=0.001), inundation × enrichment (p=0.006), and the three-
way interaction precipitation × inundation × enrichment
(p= 0.004) were all significant, suggesting that all three
stressors can contribute to significantly altered CO2 efflux rates
(Table S5). The precipitation differences were driven by the
unenriched tanks, where high inundation ambient treatments
(0.23±0.08 μmol m−2 s−1) had lower rates than high inunda-
tion storm and drought treatments (2.22 ± 0.34 and 0.84
±0.27 μmol m−2 s−1, respectively), but mean inundation ambi-
ent treatments (2.52±0.27 μmol m−2 s−1) had greater rates than
mean inundation storm and drought (0.74 ±0.19 and 0.79
±0.31 μmol m−2 s−1, respectively) (Table S4). The enrichment
differences were driven by the high inundation ambient treat-
ments where the enriched pots had greater rates than unen-
riched pots (2.1± 0.48 and 0.23±0.08 μmol m−2 s−1). The
inundation treatments showed less clear patterns in the three-
way interaction, but overall, the low inundation had greater
rates than the mean and high inundation treatments (Fig. 6).
This was further shown in the main effects, where low inunda-
tion pots showed trends of greater soil CO2 efflux rates than the
mean and high inundation pots (5.79±0.6, 1.65±0.24, 1.65
±0.25 μmol m−2 s−1) (Fig. 6, Table S5). The enriched tanks
also had greater rates than the unenriched tanks (3.25±0.4 and
2.81± .3 μmol m−2 s−1, respectively).

Discussion

S. alterniflora at high inundation compared to mean inunda-
tion was associated with less belowground biomass, fine
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Fig. 5 CT scan images showing belowground root structure from six
pots representing a pot at the mean inundation from all six tanks. The
three graphs in the middle show the averaged root and rhizome
abundances (n m−2) from the mean inundation. Bars show the
unenriched and enriched averages with standard errors for 0–20 cm
depth. Significant differences were observed in precipitation ×
inundation × enrichment three-way interaction and precipitation ×
inundation two-way interaction, and precipitation, inundation, and
enrichment main effects

Table 1 Estimated fine root biomass (g m−2) as calculated using the
formula of Davey et al. (2011) for Spartina alterniflora at 0–20 cm depth.
The averages and standard errors represent each treatment combination

(n = 3). Significant differences were only observed in the inundation and
enrichment main effects

Inundation Unenriched Enriched

Ambient Storm Drought Ambient Storm Drought

High 3.81 ± 3.81 0.00 ± 0.00 62.23 ± 37.46 328.42± 113.01 213.92 ± 189.24 226.10± 119.84

Mean 589.79 ± 292.51 460.80 ± 100.85 301.51± 187.35 669.29± 156.48 517.16 ± 134.31 504.03± 219.84

Low 1578.27± 212.44 245.31 ± 159.00 239.10± 93.66 1210.40 ± 530.15 1024.41± 19.58 392.59± 102.58
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roots, and aboveground stem count, and this was partic-
ularly true when the plants were exposed to ambient
precipitation (Figs. 2 and 3; Tables S2 and S5).
Furthermore, nutrient enrichment generally resulted in a
decrease of root and rhizome abundance in the
mesocosms. Loss in belowground root structure can con-
tribute to long-term marsh degradation as described by
earlier studies (Turner et al. 2009; Turner 2011; Deegan
et al. 2012). In addition to the negative effects on marsh
structure due to nutrients, in a concurrent study with the
presented one, Watson et al. (2014) reported that in-
creased flooding at the high inundation caused higher
sulfide levels. High sulfide levels can impact marsh sus-
tainability by inhibiting root production (King et al.
1982; Koch et al. 1990). Larger diameter coarse roots
and rhizomes coupled with decreased belowground bio-
mass have in the past been associated with heavily im-
pacted, degrading organogenic marshes, receiving high
nutrient loads (Wigand et al. 2014). Furthermore, the
results of the present study suggest that the compounding
effects of the additional stress of either drought or storm
will further reduce S. alterniflora biomass already
stressed by nutrient inputs, with the greatest impact on
the low marsh plants and less impact on plants exposed
to less tidal inundation. The results from our analyses
suggest that when inundation has a negative impact on
belowground structures, the addition of an additional
stressor such as drought or storm further exacerbates
changes in belowground structure, as has been observed
in other similar multiple stressor experiments associated
with climate change (Charles and Dukes 2009; Fox et al.
2012; Porter et al. 2013). Combined, the responses of the
S. alterniflora to the treatments of changing precipitation

and increased inundation suggest that accelerated SLR in
the Northeastern USA will have a negative effect on be-
lowground production and subsequent accumulation of
organic matter (Fig. 2b; Table S5). Since SLR rate is
expected to increase, and over 85 % of southern New
England S. alterniflora salt marshes are currently esti-
mated to be at an elevation below their optimal level
for growth (Watson et al. 2014), S. alterniflora growth
may be even further limited in the future unless there is
an opportunity for upland migration. With less marsh
habitat at an elevation appropriate for optimal plant
growth, the remaining marsh habitat at higher elevations
may become increasingly rare, especially if there are
barriers to upland migration, further limiting options
available to coastal resource managers to carry out ac-
tions to adapt to accelerated sea level rise.

S. alterniflora showed greatest aboveground biomass
growth at the low inundation treatment (+15 cm above
MHW, i.e., high elevation), which can mostly be attributed
to the high biomass in the unenriched ambient tanks
(Fig. 2a, Table S3). The plants exposed to mean inundation
had higher stem abundance than the low inundation at both
peak and final measurements, indicating that the low inunda-
tion plants grew taller throughout the experiment, rather than
producing new small stems (Table S2). The importance of the
observed high growth rates in mesocosms at the mid and high
elevations exposed to less tidal inundation was predicted by
observations of under natural conditions where plants have
optimal elevations for growth and have elevation capital and
would thus able to migrate upland when there are no barriers
to migration (Cahoon and Guntenspergen 2010). Also,
S. alterniflora is able to establish residence throughout a large
salinity gradient, further increasing its elevation capital and
likelihood of maintaining an optimal elevation (Sutter et al.
2015). Our results demonstrate the success of S. alterniflora in
areas of lower tidal inundations.

According to the IPCC report (2014), the Northeastern
USA is predicted to receive less frequent precipitation but
heavier pulses of precipitation during storm events (more than
5 cm precipitation in 24 h), as modeled in our storm tanks.
Ambient precipitation conditions in our study overall trended
toward having greater belowground biomass, aboveground
biomass, and average plant heights than in the storm treatment
(Figs. 2a, b and 4; Table S3), differing from a recent experi-
ment where precipitation led to no or negative changes in
plant production (Charles and Dukes 2009). While plants
seemed to thrive under the ambient precipitation conditions,
growth was clearly stunted under storm and drought condi-
tions. The response of the plants to the storm treatment more
closely resembled that observed in the drought tanks, instead
of the response in the ambient precipitation tanks. Even
though the storm tanks received nearly double the volume of
rain water with its associated nutrients than the ambient
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precipitation tanks each month, it appears that the timing of
delivery of precipitation mattered much more than the vol-
ume. This was evidenced in a companion paper which found
greater 15N tracer retention in the leaves and roots of
S. alterniflora during peak growth in the ambient treatment
pots in comparison to the storm treatment pots (Oczkowski et
al. 2016). Avaluable function of salt marshes is their ability to
retain nitrogen during the summer growing season and reduce
nutrient loads into coastal waters. After the growing season
and during and after senescence, marshes release some nitro-
gen into the estuary, but at these times, the estuary’s vulnera-
bility to the negative impacts of excess nutrient loading has
lessened (e.g., Valiela et al. 2000). The results of this paper
along with our companion paper demonstrate that not only
will changes in precipitation patterns reduce the growth of
above- and belowground S. alterniflora production, but it will
reduce the capability of the salt marsh to retain nitrogen
(Oczkowski et al. 2016).

In the nutrient-enriched treatment, an initial increase of fine
roots during the growing season could improve soil strength,
but increased decomposition rates (Watson et al. 2014) and
increased soil CO2 efflux rates under enriched conditions sug-
gest that labile fine roots could quickly decompose over an
annual cycle. Furthermore, the nutrient-enriched treatments
had fewer coarse roots and rhizomes (Table S4) which are
more refractory than fine roots and important for organic mat-
ter accumulation (Wigand et al. 2014). The nutrient-enriched
tanks also had higher average stem counts than the unenriched
tanks (Fig. 3), particularly due to the higher counts in the
enriched storm and drought treatments (Table S4), while the
average height per pot was greater in the unenriched tanks,
notably in the ambient unenriched tank (Table S3), indicating
that unenriched plants grew taller and the enriched plants grew
many small stems. This observed effect of more stems in
fertilized pots has been previously observed in field
mesocosms (Wong et al. 2015). These small stems could be
associated with the higher average fine root biomass we ob-
served in the enriched tanks. However, fine roots may not lead
to accumulation of peat, because fine roots decompose more
rapidly than coarse roots or rhizomes (Morris et al. 2013;
Wigand et al. 2014).

Long-term field manipulative nitrogen enrichment experi-
ments have demonstrated decreases in belowground produc-
tion and soil strength (Turner et al. 2009; Deegan et al. 2012).
The results observed due to increased nitrogen loads in these
long-term experiments complement our results of increased
decomposition rates coupled with decreased coarse root and
rhizome production (Watson et al. 2014). Although our exper-
imental design did not directly capture responses that might
occur over longer time periods, we propose that the changes in
belowground root and rhizome structure demonstrated in our
study support the hypothesis that the combined stressors of
altered precipitation, accelerated SLR, and nutrient

enrichment will have negative long-term effects on the build-
up of peat in organogenic marsh systems receiving low sedi-
ment inputs (as is often the case in the Northeastern USA,
Weston 2014). Furthermore, decreased productivity of S.
alterniflora in organogenic marshes reduces system sustain-
ability and the provision of ecosystem services such as flood
abatement, water quality maintenance, and nursery and feed-
ing habitat for valued fish, crustaceans, and birds.
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