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Abstract

Premise: Wetland plants regularly experience physiological stresses resulting from
inundation; however, plant responses to the interacting e ects of water level and

inundation duration are not fully understood.
Methods: We conducted a mesocosm experiment on two wetland species, sawgrass
( ) and muhly grass ( ), that co dominate manyCladium jamaicense Muhlenbergia lipes 

freshwater wetlands in the Florida Everglades. We tracked photosynthesis, respiration,
and growth at water levels of 10 (control), 10 (shallow), and 35 cm (deep) with−

reference to soil surface over 6 months.
Results: The response of photosynthesis to inundation was nonlinear. Speci cally,

photosynthetic capacity (Amax) declined by 25% in sawgrass and by 70% in muhly
grass after 1 2 months of inundation. After 4 months,– Amax of muhly grass in the

deep water treatment declined to near zero. Inundated sawgrass maintained similar

leaf respiration and growth rates as the control, whereas inundated muhly grass
suppressed both respiration and growth. At the end of the experiment, sawgrass had
similar nonstructural carbohydrate pools in all treatments. By contrast, muhly grass in
the deep water treatment had largely depleted sugar reserves but maintained a similar

starch pool as the control, which is critical for post stress recovery.

Conclusions: Overall, the two species exhibited nonlinear and contrasting patterns of
carbon uptake and use under inundation stress, which ultimately de nes their stra-

tegies of surviving regularly ooded habitats. The results suggest that a future scenario

with more intensive inundation, due to the water management and climate change,
may weaken the dominance of muhly grass in many freshwater wetlands of the
Everglades.
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Inundation substantially decreases the oxygen available to
plant roots for metabolism and the carbon dioxide (CO 2)

supply for photosynthesis in submerged leaves (Pezeshki, 2001;
Mommer and Visser, 2005). Many wetland plants regularly
experience di e rent degrees of inundation stress depending on
the duration of inundation and depth of water. As strategies to
survive the anoxic soil conditions during inundation, multiple
physiological changes may occur i n these plants when sub-
merged. As an initial reaction, s tomata typically close as a

result of decreased hydraulic conductivity under anoxic con-
ditions (Pezeshki et al., 1996; E lse et al., 2001; Jackson, 2002).
Stomatal closure usually constrains photosynthesis, which
leads to a reduction in plant carbon uptake (Pezeshki
et al., 1996). In addition to the stomatal response, leaf Rubisco
activity (Vu and Yelenosky, 1992; Liao and Lin, 1994;
Pezeshki, 1994), chlorophyll uorescence (Zhao e t al., 2018;
Chen et al., 2010) and nitrogen content (Zhao et al., 2018)
are also reduced, indicating that n onstomatal processes
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(e.g., carboxylation, electron transport) also limit photosynth-
esis under inundation stress. While a combination of stomatal
and nonstomatal limitations may interact in controlling pho-
tosynthesis, their contributions under dier ent inundation
stress levels need to be further assessed.

With reduced carbon uptake under inundation stress,
plants may alter their strategies for using available carbon.
Plants can decrease carbon consumption in metabolic activ-
ities and growth, resulting in a lower respiration rate (Else
et al., 2001; Bragina et al., 2002; Islam and Macdonald, 2004).
By contrast, some plants that use an strategy may“escape”

invest more carbon in vertical leaf growth to avoid complete
submergence and thus maintain the aerenchyma function to
transport o xygen t o ro ots (A kman et al., 2012; Voe se nek and
BaileySerres, 2015; Loreti et al., 2016). As a result of altered
carbon balance, nonstructural carbo hydrate (NSC) reserves
also variably decline (Vu and Yelenosky, 1992; Pan
et al., 2012; Qin et al., 2013). Given that N SC reserves are
critical for plant survival under environmental stresses (Ram
et al., ), further in-2002; Hartmann and Trumbore, 2016
vestigation of plant NSC storage under dierent levels of in-
undation st ress could be very i mportant for understandi ng
dierent plant responses to inundation.

While the degree to which a plant reacts largely depends
on the intensity of inundation stress, there is no explicit
single measure of inundation intensity. Both increased wa-
ter levels and duration of inundation have been used as
indicators of enhanced inundation intensity, which result in
elevated stresses on critical plant processes such as growth,
biomass accumulation, and mortality (Ewing, ; Miller1996
and Zedler, ; Troxler et al., ; Lan et al., ).2003 2014 2019
Furthermore, since water level and inundation duration are
widely monitored in long term ecosystem observations (e.g.,

Zhao et al., ), knowledge of plant level responses to2019 

changes in these variables could be directly used to inform
ecosystem carbon process modeling of wetlands, which are
an important carbon sink globally (Kayranli et al., ).2010
Since oxygen availability generally decreases with increases
in water depth (e.g., Rose and Crumpton, ), high water1996
levels might intensify the anoxic stress to plants and induce
earlier and greater physiological responses by plants.
To investigate these relationships, one needs to measure
changes in physiological processes over a substantial period
of inundation at di erent water levels. Such measurements

can reveal interactions between e ects of water level and

inundation duration, which are still poorly understood.
In this study, we studied the inundation responses of

sawgrass ( Crantz, a CCladium jamaicense 3 sedge; Cyper-
aceae) and muhly grass ( M.A. Curtis, aMuhlenbergia lipes

C 4 grass; Poaceae) from freshwater wetlands of the Florida
Everglades. Although sawgrass is generally distributed in
areas with higher water levels and longer hydroperiods
compared to muhly grass, habitats of the two species
overlap in large areas of short hydroperiod freshwater

marshes and prairies in the Everglades (Todd et al., ).2010
These two species are also abundant in coastal regions of the
southeastern United States as well as the Caribbean.

Sawgrass has at or V shaped leaves with sharp saw teeth at 

the edges and can develop large root systems (Richards and
Olivas, ). Muhly grass has rolled leaf blades and brous2020 

roots. In a eld study, we previously found that inundation

caused greater stress on photosynthesis in muhly grass than
in sawgrass (Zhao et al., ).2018

Here in a mesocosm experiment, we further investigated
physiological changes in sawgrass and muhly grass when
inundated with di erent water depths over a 6 month 

period. Our primary goal was to evaluate physiological re-
sponses to interactive e ects of water level and inundation

duration for the two species with di erent ood tolerances 

and elucidate their carbon use strategies under di erent 

levels of inundation stress. We tested the following hy-
potheses: (1) higher water level induces a greater and earlier
decline in photosynthesis; (2) photosynthesis is mainly
limited by stomatal conductance under mild stress while
nonstomatal limitation becomes more dominant as the
stress intensi es; and (3) after a 6 month inundation, NSC 

pools are substantially reduced for the less inundation

tolerant species (i.e., muhly grass) but not for the more
tolerant one (i.e., sawgrass).

MATERIALS AND METHODS

Plant transplantation and acclimation

On 15 December 2017, we collected 20 monoliths (plants
with intact surrounding marl soil, 40 × 40 × 20 cm), 10 with
at least one large individual of sawgrass and 10 with at least
one large individual of muhly grass from a marl prairie
outside of Everglades National Park. The monoliths were
placed in opaque plastic containers (50 × 40 × 23 cm) and
transported to the Florida International University (FIU)
campus (25°45 33 N, 80°22 24 W, ~10 km away from the′ ″ ′ ″

Everglades) within 2 h.
At the FIU campus, potting soil (Fafard 4 P Mix, Sun

Gro Horticulture Ltd., Agawam, MA, USA) was added to
gaps between the monolith soil and the walls of the con-
tainers (~20% of the container volume) to ensure that
containers were adequately lled. To keep plants hydrated

after transplantation, they were placed in the shade and
watered to saturation.

After 2 weeks, we moved the containers to three outdoor
unshaded mesocosms (cattle tanks, diameter 2 m, height
1.3 m) in the FIU mesocosm facility and exposed them to
natural light conditions. To let water in the mesocosm ow

into the container, small holes (diameter 1 cm) were drilled
into the sides and bottoms of the containers before placing
in the mesocosms. The mesocosms were lled with fresh-

water, and plant containers were placed on metal racks, the
heights of which were adjusted so that the water level was
10 cm below the soil surface of each container (i.e., water
level = 10 cm). This water level, keeping the soil saturated–

but not ooded, was maintained for ~5 months before the

experiment to allow plants to recover from transplantation
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and adapt to the mesocosm environment. The water level
within mesocosms was regulated by a connected outlet hose
with the opening set to the target water height, so that
excess water, e.g., introduced by rainfall, was automatically
discharged. At the same time, water was added manually as
the water level dropped due to evaporation.

Experimental setup

On 29 May 2018, 18 (9 of each species) of the 20 containers
were chosen and assigned to one of three water levels: 10–

(soil saturated, as control), +10 (shallow water), and +35 cm
(deep water) with reference to the soil surface, allowing for a
balanced design for each species. In the deep water treat-

ment (+35 cm), approximately 50% and 70% of the leaf
segments were submerged for sawgrass and muhly grass,
respectively. The containers were redistributed into the
three mesocosms with each mesocosm containing six con-
tainers and each container representing one of the six
combinations of treatments and species (Appendix ).S1
Heights of the metal racks were then individually re

adjusted to achieve the target water level for each container.
The water level treatments were maintained for 25 weeks,
which allowed us to simulate a hydroperiod of approxi-
mately half a year. Since the majority (>85%) of the fresh-
water portion of the Everglades has a mean water level of
≤ ≤35 cm during inundation that lasts for 6 months per
hydroperiod (Todd et al., ), our treatments covered a2010
range that represents typical hydrological conditions for
habitats of the two species. The number of replicates (n = 3)
was chosen considering available mesocosms, project bud-
get, and measurement feasibility given that the design in-
cluded two species and three treatments. Nevertheless, the
statistical power of the design was strengthened by repeated
measurements over the experimental period.

Physiological measurements

We used a LI6400XT Photosynthesis System (LICOR, Inc.,
Lincoln, NE, USA) with a 2 × 3 cm leaf chamber to measure
CO2 and H2 O gas exchange on two emergent leaves (at ap-
proximately t he midpo int of the emergent leaf section) per
container between 10:00 and 14:00 hours every 2 weeks (see
Appendix for details). Light conditions within the chamberS2
were controlled by the internal LED light and set to levels
equivalent t o photos ynthetical ly active radiation (PAR) of
2000 and 0 µmol m−2 s−1 to measure net photosynthesis (A)
and dark respiration (Rd) rates, respectively. Since photo-
synthesis of the two st udy species saturates below a PAR of
2000 µmol m−2 s−1 (Zhao et al., 2018 ), the measured net
photosynthetic rate is referred to as the photosynthetic capa-
city (Amax). After switching PAR from 2000 to 0 µmol m−2 s−1,

we allowed Rd to stabilize for at least 30 s before the value was
recorded. Since Rd was measured on sunexposed plants, it re-
presents mitochondrial respiration in the light (Kromer, 1995).

In addition, corresponding transpiration, stomatal con-
ductance (gs ) and leaf intercellular CO 2 concentration (Ci )

were also computed as output variables by the LI 6400XT.

The CO2 concentration within the chamber (Ca) was set to
400 ppm and vapor pressure de cit (VPD) was controlled

within 1.0 2.0 kPa with a mean of 1.7 kPa under the am-–

bient temperature using a drierite scrubber to prevent water
vapor saturation. Leaf temperatures within the chamber
varied from 29 to 37°C with a mean of 33°C. After each
measurement, we measured the leaf diameter of muhly grass
or leaf width of sawgrass and the length of the leaf inside of
the chamber. Based on these dimensions, the actual mea-
sured leaf surface area was estimated assuming a rectangular
shape for sawgrass and cylinder for muhly grass. To ensure
that the uxes were comparable between the two studied

species, we used the total leaf area (i.e., all sides of a leaf) for
ux calculations. These leaf areas were then used to re-
compute Amax, Rd, and gs . Water use e ciency (WUE, µmol 

CO 2/mol H2 O) was computed as the ratio of Amax to gs .
During week 19 of the experiment (October 2018), /A Ci

curves of photosynthesis were estimated across a Ca se-
quence (400, 300, 200, 100, 0, 400, 800, and 1200 ppm) to
determine the relationship between net photosynthetic rates
( ) andA Ci . This measurement was carried out on two leaves

in each container and allowed us to determine maximum
rate of carboxylation (Vcmax ) and photosynthetic electron

transport (Jmax ) (Farquhar et al., ). At the end of the1980
experiment (week 24), we measured photosynthetic rates
over a PAR gradient (2000, 1600, 1200, 800, 600, 400, 200,
100, 50, and 0 µmol m−2 s−1) for one leaf per container to
develop a light response curve for each species and thus
determine the photosynthetic quantum e ciency and light

compensation point.
Ambient air temperature during the physiolo gical mea-

surements was measured using a Ktype thermocouple.
However, due to its relatively small variance during the ex-
periment ( i.e., 27–35 °C, A ppendix S3), which is ty pical for t he
wet season in the Everglades region (Schedlbauer et al., 2010),
air te mperature showed rather weak correlatio ns with the
plant physiological variables (Amax, Rd, and gs, Appendix S4).
Thus, temperature was not considered for further dat a
analysis.

Leaf growth rates, allometric traits, and plant
carbon reserves

For monitoring plant growth, four healthy leaves with
lengths between 20 and 50 cm were selected in each con-
tainer at the beginning of the experiment, and their lengths
were measured every 4 weeks. In cases when the leaf turned
completely brown, it was marked as dead, and another leaf
of similar length was selected from the same container and
measured to continue growth monitoring. Therefore, we
measured four healthy leaves in each container throughout
the experiment. For each measurement campaign, the
growth rate was calculated as the increase in length per day,
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and the proportion of leaf death (%) was also calculated for
the 12 leaves in each species treatment combination group.–

To compare plant allometric traits among treatments,
we randomly selected two leaves in each container at the
end of the experiment (week 25) and weighed them before
and after oven drying at 68°C for 48 h. Leaf water content

(WC, %) was then calculated as:

WC =
Freshmass − Drymass

Freshmass
× 100%. (1)

We also measured the projected leaf areas using a
LI 3000A Portable Leaf Area Meter (LI COR) and calcu- 

lated the speci c leaf mass (SLM, g cm
−2 ) as:

LM =
Drymass

Projected leaf area (2)

To determine plant carbon reserves, we collected leaf and
root samples with two replicates from each container in
week 25 for nonstructural carbohydrate (NSC) analysis. The
samples were immediately freeze dried for 72 h in a Scien-

ti c Freeze Dryer (Harvest Right, Inc., North Salt Lake, UT,

USA) and were then ground into a ne powder using a ball

mill (8000 M Mixer/Mill, SPEX CertiPrep, Inc., Metuchen,
NJ, USA). Concentrations of NSCs for the samples were
measured using the protocol outlined by Landhausser et al.
( ). Essentially, 80% ethanol solution was used to extract2018
soluble sugars (glucose, sucrose and fructose) from samples,
and the residue (pellet) was used for starch determination.
Two enzymes, amylase and amyloglucosidase, were ap-α

plied to convert starch to glucose hydrolysate. The NSC
concentrations from all extracts (i.e., glucose, fructose, and
sucrose in the ethanol extracts and the glucose hydrolysate
in starch digested solutions) were measured with high 

pressure liquid chromatography pulsed amperometric–

detection (HPLC PAD) on a Dionex ICS3000 ion chroma-

tography system at Max Planck Institute for Biogeochem-
istry (Jena, Germany). In each HPLC run, a series of
duplicate samples were included to allow the coe cient of

variation (CV) to be computed as a measure of analytical
precision. Runs with CV > 10% were checked for potential
sources of inconsistency and repeated. Internal standards
(i.e., a homogenized mixture of tree sessile oak and
European beech leaves and branches) were also measured
with the test samples for long term measurement stability.

Data processing and analysis

The gross light saturated photosynthetic rate ( Pmax ) was
calculated as the sum of Amax and Rd. A decline in the ratio
of Pmax to Ci (Pmax/Ci) was used as a measure of the increase
in nonstomatal limitation on photosynthesis (Salmon
et al., ).2020

The Farquhar Berry von Caemmerer model (Farquhar 

et al., ) was used to t the relationship between and1980  A

Ci for the C 3 sawgrass, and the maximum rates of carbox-
ylation (Vcmax) and electron transport (Jmax) at 25°C were

derived from the model (Bernacchi et al., ). The R2001
package plantecophys was used to estimate these /A Ci

curves (Duursma, ). For the C2015 4 muhly grass, we only
compared patterns of plotted againstA Ci among di erent

treatments without tting models because models for C 4

plants usually require other ancillary measurements and
involve large uncertainties (von Caemmerer, ; Bellasio2000
et al., ).2016

The rectangular hyperbolic model was used to t as a A
function of PAR (Thornley, ; Luo et al., ; e.g.,1998 2000
Kyei Boahen et al., ): 2003

A
P

P
R=

Φ × PAR ×

Φ × PAR +
+ ,max

max
d (3)

where the estimated parameters are Φ (quantum e ciency)

and Pmax. The light compensation point was derived from
the tted models as the value of PAR where = 0 µmol A
CO 2 m−2 s −1.

Mixed eects models were used to de termine the e ect of

water level, inundation duration and species on Amax, Rd, gs ,
Pmax/Ci, WUE, and growth rates. Species, water leve l, and

inundation duration and their two and threeway interaction
terms were included as independent variables. The measure-
ment date and container ID nested within mesocosm ID were
included as random e ects to account for measurements ta-

ken repeate dly o ver time and sample gro upings, respectively.
Similar mixed eects mo dels were also e stimated for variables
that were measured only once (i.e., Vcmax, Jmax, , light

compensation point, WC, SLM, and soluble sugar and starch
concentratio ns), without including the eect o f inundation
duration or t ime of measurement. Assu mptions of normality
and homoscedas ticity were e valuated visually by plotting re-
siduals. A po st hoc Tukey honestly signicant dierence
(HSD) te st was used to further investigate the dierences
among dierent waterlevel treatments on each measurement
occasion.

In addition, mixed e ects models were also used to t 

the relationship between Pmax/Ci and gs separately for
sawgrass and muhly grass to investigate the correlation of
nonstomatal and stomatal controls on photosynthesis. The
water level, measurement date and container ID nested
within mesocosm ID were included as random e ects.

Logarithmic transformations were applied to either Pmax/C i

or gs to meet the normality assumption for the residuals.
R 3.5.2 (R Core Team, ) was used for all data2020

processing and analyses. The R packages lme4 (Bates
et al., ) and lmerTest (Kuznetsova et al., ) were2015 2016
used to estimate mixed e ects models, and the package

emmeans was used to estimate marginal means and perform
post hoc Tukey HSD tests (Lenth, ). All graphs were2019
created with the package ggplot2 (Wickham, ). Gra-2016
phical representations of model e ects are shown with

mixed model marginal means and SE, with all other e ects

in the model at their average values.

1920 | RESPONSES OF WETLAND PLANTS TO INUNDATION

15372197, 2021, 108, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
. B

y B
otanical Society of A

m
erica- on [29/11/2021]. R

e-use and distribution is strictly not perm
itted, except for O

pen A
ccess articles



RESULTS

Photosynthesis and dark respiration

Without inundation stress (week 0), sawgrass and muhly
grass had similar photosynthetic capacities (Amax ) of

~7 µmol m−2 s−1 (Figure ). Over the experimental1A, B
period, the e ect of inundation duration on Amax depended

jointly on species and water level (3 way interaction,

P < 0.01, Table , Figure ). Under inundation treat-1 1A, B
ments, sawgrass Amax dropped to ~4.5 µmol m−2 s−1 in week
7 after inundation and remained signi cantly lower

( < 0.05) compared to the control until the end of the ex-P

periment (Figure ). However,1A Amax values in sawgrass
were not di erent between the 10 and 35 cm treatments on

all measurement occasions ( < 0.05). For muhly grass, theP

inundation treatments (both 10 and 35 cm water) decreased
Amax by more than 70% to ~2 µmol m−2 s−1 during weeks 3
to 5 and remained signi cantly lower versus the control

( < 0.01) thereafter (Figure ). Further,P 1B Amax in the 35 cm
treatment continued to decline and became signi cantly

lower than that of the 10 cm treatment ( < 0.01) from weekP

17 on. At the end of the experiment (week 24), Amax in the
35 cm treatment was near zero (0.2 ± 0.2 SE µmol m−2 s−1).

Dark respiration (Rd ) was generally higher in the leaves
of muhly grass than those of sawgrass (Figure ). The1C, D
e ect of inundation duration on Rd depended jointly on
species and water level (3 way interaction, = 0.04, P

Table ). Sawgrass1 Rd averaged ~0.9 µmol m−2 s−1 and was
not di erent between treatments and control over the entire

period (Figure ). For muhly grass,1C Rd in the inundation
treatments signi cantly declined below that of the controls

( < 0.05) from week 5 to the end of the experiment (but seeP

exceptions in weeks 11 and 13 when Rd was similar across
all water levels, > 0.05) (Figure ). At the end of theP 1D
experiment, Rd of muhly grass remained well above zero at
1.4 ± 0.2 SE and 0.7 ± 0.2 SE µmol m−2 s−1 in the 10 and

35 cm treatment, respectively.

Stomatal and nonstomatal responses

Values of gs were generally lower for the leaves of muhly
grass than those of sawgrass (Figure ). The e ect of2A, B 

water level on gs depended on both inundation duration
(two way interaction, < 0.01) and species (two way in- P 

teraction, = 0.01) (Table ). Notably,P 1 gs in sawgrass in the
inundation treatments declined as early as the rst week, as

indicated by the signi cantly lower g s in the 10 cm treat-
ment compared to the control ( < 0.01, Figure ); inP 2A
muhly grass, this e ect was also observed but started later

in the third week (Figure ). After that,2B gs remained lower
in the inundation treatments compared to that of the con-
trol for both species until the end of the experiment
( < 0.05), but values were similar between the 10 and 35 cmP

treatments on most occasions ( > 0.05).P
Pm a x /C i w a s s i g n ic a n  t l y ae c t e d b y t h e i n u n d a t i o n

d u r a t i o n , b u t i t s i m p a c t j o i n t l y d e p e n d e d o n w a t e r l e v e l
a n d s p e c i e s ( 3  w a y i n t e r a c t i o n , P < 0 . 0 1 , T a b l e 1) .
F o r s a w g r a s s , Pm a x /Ci i n t h e i n u n d a t i o n t r e a t m e n t s b e -
c a m e ~ 2 0 % l o w e r t h a n t h o s e i n t h e c o n t r o l i n w e e k 7
( F i g u r e 2 C ) a n d w a s m a i n t a i n e d u n t i l t h e e n d o f t h e e x -
p e r i m e n t w i t h o u t f u r t h e r s u b s t a n t i a l d e c l i n e s . F o r m u h l y
g r a s s ( F i g u r e 2 D ) , Pm a x/Ci i n 1 0 a n  d 3 5 c  m t r e a t m e n t s
d e c l i n e d b y > 7 0 % a n d b e c a m e s i g n ic a n t l y l o w e r t h a n i n
t h e c o n t r o l s t a r t i n g w e e k 3 a n d 5 o n w a r d , r e s p e c t i v e l y .

A B

C D

F IGURE 1 Marginal mean values (±1 SE) of
photosynthetic capacity (Amax , A, B) and dark

respiration (Rd , C, D) measured on leaves of sawgrass
( , A, C) and muhly grassCladium jamaicense
( , B, D) over time of inundation inMuhlenbergia lipes

di erent water level treatments. Di erent lowercase 

letters indicate signi cant di erences among water 

level treatments for each measurement time ( < 0.05)P

based on post hoc Tukey HSD tests on the

corresponding mixed e ects model. Days without

signi cant di erences are not marked 
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TABLE 1 Analysis of variance (ANOVA) of mixed e ects models for photosynthetic capacity ( Amax, µmol CO2 m−2 s−1 ), dark respiration (Rd , µmol
CO 2 m−2 s−1), stomatal conductance (gs , mol H 2O m−2 s−1), the ratio of gross light saturated photosynthetic rate to intercellular CO 2 concentration (Pmax/
Ci , µmol CO2 m−2 s−1), water use e ciency (WUE, µmol CO  2 mol−1 H 2 O), maximum rate of carboxylation (Vcmax , µmol m−2 s−1 ) and electron transport
(Jmax, µmol m−2 s −1) for sawgrass, quantum e ciency ( , µmol CO Φ 2 quanta−1), light compensation point (LCP, µmol m−2 s−1), growth rate (cm day−1 ), leaf

water content (WC, %) and speci c leaf mass (SLM, g cm
−2), soluble sugar and starch concentrations in the leaves and roots (mg g −1)

Model E ect SS NumDF DenDF value F

Amax Species 0.12 1 45 0.05

Water level 71.63 2 45 13.88**

Duration 19.43 1 13 7.53*

Species × Water level 17.58 2 45 3.41*

Species × Duration 28.76 1 441 11.15**

Water level × Duration 180.78 2 441 35.04**

Species × Water level × Duration 32.61 2 441 6.32**

R d Species 8.02 1 30 39.49**

Water level 1.01 2 30 2.49

Duration 2.30 1 11 11.34**

Species × Water level 0.18 2 30 0.44

Species × Duration 1.24 1 436 6.11**

Water level × Duration 0.83 2 437 2.05

Species × Water level × Duration 1.37 2 437 3.36*

gs Species 17.38 × 10−2 1 23 268.31**

Water level 1.44 × 10 −2 2 23 11.10**

Duration 0.17 × 10 −2 1 11 2.61

Species × Water level 0.73 × 10 −2 2 23 5.60**

Species × Duration 0.08 × 10 −2 1 427 1.18

Water level × Duration 1.48 × 10 −2 2 426 11.43**

Species × Water level × Duration 0.09 × 10 −2 2 426 0.70

P max/Ci Species 15.72 × 10 −3 1 34 57.38**

Water level 4.14 × 10 −3 2 34 7.55**

Duration 2.07 × 10 −3 1 11 7.56*

Species × Water level 2.53 × 10 −3 2 34 4.62*

Species × Duration 4.68 × 10 −3 1 423 17.09**

Water level × Duration 9.05 × 10 −3 2 423 16.51**

Species × Water level × Duration 4.79 × 10 −3 2 423 8.74**

WUE Species 106222 1 38 20.88**

Water level 35967 2 38 3.54*

Duration 3343 1 11 0.66

Species × Water level 52113 2 38 5.12*

Species × Duration 104356 1 428 20.51**

Water level × Duration 68800 2 428 6.76**

Species × Water level × Duration 16221 2 428 1.59

Vcmax (sawgrass) Water level 156.90 2 12 6.00*
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M o r e o v e r , Pm a x /Ci i n t h e 3 5 c m t r e a t m e n t b e c a m e e v e n
l o w e r t h a n i n t h e 1 0 c m t r e a t m e n t i n w e e k 1 3 , 2 0 a n d 2 4
(P < 0 . 0 5 ) a n d d r o p p e d t o n e a r z e r o ( i . e . , 0 . 0 0 3 ± 0 . 0 0 1 S E
µ m o l m−2 s−1 ) a t t h e e n d o f t h e e x p e r i m e n t .

I n a d d i t i o n , t h e r e w e r e s i g n ic a n t r e l a t i o n s h i p s b e -
t w e e n Pm a x /Ci a n d gs a c r o s s t h e t h r e e w a t e r l e v e l t r e a t -

m e n t s f o r b o t h s a w g r a s s (P < 0 . 0 1 , F i g u r e 3 A ) a n d m uhl y
g r a s s (P < 0 . 0 1 , F i g u r e 3 B ). Howe v er , t he rela tio nsh ip

TABLE 1 (Continued)

Model E ect SS NumDF DenDF value F

Jmax (sawgrass) Water level 1203.20 2 6 6.54*

Φ Species 6.90 × 10−5 1 7.99— *

Water level 7.61 × 10 −5 2 4.41— *

Species × Water level 6.11 × 10 −5 2 3.54—

LCP Species 9703.70 1 11.54— **

Water level 19719.70 2 11.73— **

Species × Water level 22338.10 2 13.28— **

Growth Species 0.01 1 72 2.58

Water level 0.07 2 72 9.15**

Duration 0.27 5 360 13.97**

Species × Water level 0.03 2 72 4.13*

Species × Duration 0.03 5 360 1.40

Water level × Duration 0.05 10 360 1.36

Species × Water level × Duration 0.03 10 360 0.78

WC Species 1612.96 1 10 95.13**

Water level 303.13 2 10 8.94**

Species × Water level 69.40 2 10 2.05

SLM Species 8.16 × 10−3 1 12 463.94**

Water level 1.11 × 10−4 2 12 3.15

Species × Water level 8.65 × 10−5 2 12 2.46

Sugar in leaves Species 4732.50 1 36 241.85**

Water level 37.60 2 36 0.96

Species × Water level 466.40 2 36 11.92**

Sugar in roots Species 2237.50 1 18 49.92**

Water level 21.59 2 18 0.24

Species × Water level 298.63 2 18 4.22*

Starch in leaves Species 378.78 1 18 7.02*

Water level 78.47 2 18 0.73

Species × Water level 181.78 2 18 1.69

Starch in roots Species 5.62 1 14 16.53**

Water level 0.78 2 14 1.15

Species × Water level 2.89 2 14 4.25*

Notes: Container ID nested within the mesocosm ID and the measurement date are included as random e ects, except in models for and LCP due to the limited replicates Φ

( = 3). SS: type III sums of squares with Satterthwaite approximation for degrees of freedom. NumDF: numerator degrees of freedom. DenDF: denominator degrees of freedom.n

Signi cant levels:

* < 0.05.P

** < 0.01.P
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t e n d e d t o b e l o g a r i t h m i c f o r s a w g r a s s a n d e x p o n e n t i a l f o r
m u h l y g r a s s .

The WUE of sawgrass was signi cantly lower than that

of muhly grass, and for each species, the e ect was sig-

ni cantly di erent by water level and inundation duration 

(two way interactions, < 0.01, Table , Figure ). P 1 2E, F
Sawgrass in both the 10 and 35 cm treatment exhibited
higher WUE than the control ( < 0.05) from week 3 toP

week 9 (Figure ). This high WUE was present again in2C
the 10 cm treatment from week 17 and lasted until the end

of the experiment. By contrast, muhly grass reduced WUE
in 10 and 35 cm treatments from week 3 and 5 on, re-
spectively, and became signi cantly lower than the control

on most occasions ( < 0.05, Figure ). Particularly in theP 2D
35 cm treatment, muhly grass WUE decreased to near zero
(9.8 ± 6.2 SE µmol CO2 mol−1 H 2 O) by the end of the ex-

periment (week 24).
Derived from A/Ci curves, sawgrass Vcmax and Jmax were

signi cantly a ected by water levels ( < 0.05) (Table ).  P 1
Vcmax in the 35 cm treatment was ~35% lower than that of

A B

C D

E F

F IGURE 2 Marginal mean values (±1 SE) of
stomatal conductance (gs , A, B), the ratio of gross

light saturated photosynthetic rate to intercellular

CO2 concentration (Pmax/Ci , C, D), and water use

e ciency (WUE, E, F) for leaves of sawgrass ( Cladium

jamaicense Muhlenbergia, A, C, E) and muhly grass (
lipes, B, D, F) over time of inundation in di erent

water level treatments. Di erent lowercase letters

indicate signi cant di erences among water level 

treatments for each measurement time ( < 0.05)P

based on post hoc Tukey HSD tests on the

corresponding mixed e ects model. Times without

signi cant di erences are not marked. Note that 

di erent scales are used for the two species

A B

F IGURE 3 Ratio of gross light saturated photosynthetic rate to intercellular CO 2 concentration (P max/Ci ) as a function of stomatal conductance (gs ) for
sawgrass ( , A) and muhly grass ( , B). The curves were estimated using mixed e ects models with the measurementCladium jamaicense Muhlenbergia lipes  

date, water level and container ID nested within the mesocosm ID as random e ects. Note that di erent axis scales are used for the two species 
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the control ( < 0.01, Figure ), whileP 4A Vcmax in the 10 cm
treatment was not signi cantly lower than the control

( = 0.10).P Jmax was ~30% lower in both inundation treat-
ments versus the control ( < 0.01, Figure ). For muhlyP 4B
grass (Figure ), the photosynthetic rate reached 13.8 ± 1.74C
SE µmol m−2 s−1 under the highest air CO2 concentration

(i.e., 1200 ppm) in the control. In the 10 and 35 cm treat-
ments, the maximum rate (corresponding to the 1200 ppm
air CO 2 concentration) was ~50% (6.6 ± 1.0 SE µmol m−2

s−1) and ~80% (2.3 ± 0.8 SE µmol m−2 s−1) lower, respec-
tively, than the control, indicating a lower Jmax in the in-
undation treatments. Furthermore, given slower initial
increases of photosynthetic rate corresponding to the air
CO2 concentration from 0 to 400 ppm, Vcmax also appeared
to be lower in the inundation treatments than in the control.

For the variables derived from the photosynthetic light
response curves, quantum e ciency ( φ) d iered between
species ( = 0.02) and among water levels ( = 0.04), butP P

there was no signi cant interaction ( = 0.07, Table ). P 1
Across the water levels, was not signi cantly di erentφ  

( > 0.05, Figure ) for sawgrass, but was signi cantlyP 5A 

lower in the 35 cm treatment than in the control ( = 0.02)P
for muhly grass (Figure ).5B

The e ect of water level on the light compensation

point (LCP) was signi cant and di ered by species 

( < 0.01, Table ). Generally, LCP varied between 30 andP 1
80 µmol m−2 s−1 in the control for both sawgrass and muhly
grass and was similar across the water levels for sawgrass
( > 0.05, Figure ). For muhly grass, LCP was muchP 5C
higher in the 35 cm water treatment (296 µmol m−2 s−1 )

versus that of the control and 10 cm treatment
(<100 µmol m−2 s−1) (P < 0.01, Figure ).5D

Growth and death rates

Growth rates were signi cantly a ected by water level, but 

the e ect depended on species (two way interaction, 

P = 0.02, Table ). Overall, sawgrass in the inundation1
treatments had similar growth rates to the control ( > 0.05,P

Figure ). By contrast, muhly grass exhibited lower growth6A
rates in the inundation treatments compared to the control
( < 0.05) at weeks 4, 12, and 25 (Figure ), while growthP 6B
rates between 10 and 35 cm treatment were similar over the
entire inundation period ( > 0.05).P

Leaf death proportion of sawgrass in the control remained
below 10% over the entire period, but it reached 18 and 33%
for the sawgrass in the 10 and 35 cm treatments, respectively
(Figure 6C). For muhly grass, the maximum leaf death pro-
portion in the control was 18% but reached 42 and 68% for
those in the 10 and 35 cm water, respectively (Figure 6D).

Leaf traits

Leaf water c ontent was signicantly aected by water levels
and species (P < 0.0 1, Table  1) and was lower in the inunda-
tion treatments than in the control (P < 0.05) for muhly grass
(by ~21%) but not for sawgrass (P > 0 .05) (Figure 7A, B). The
dierence between the 10 and 35 cm treatments was not sig-
nicant in either species (P > 0.0 5).

Specic leaf m ass was d ierent between species (P < 0.01)
but not among dierent water levels ( = 0.08, Table ).P 1
However, a higher spe cic l ea f m as s w as p r es en t i n m uh l y
grass under the inundation treatments compared to that of
the control ( < 0.05, FigureP 7D).

A

B

CF IGURE 4 Marginal mean values (±1 SE) of
maximum rate of carboxylation (Vcmax , A) and
electron transport (J max, B) for leaves of sawgrass
( ). For muhly grass (Cladium jamaicense Muhlenbergia
lipes, C), leaf net photosynthetic rates (±1 SE) are
plotted against intercellular CO 2 concentration (Ci ) i n

di erent water level treatments. The measurements

were conducted in week 19. Di erent lowercase letters

in (A) and (B) indicate signi cant di erences among 

water level treatments ( < 0.05) based on post hocP 

Tukey HSD tests on the corresponding mixed e ects

model. The points in (C) represent measurements
across a CO 2 concentration gradient of 0, 100, 200,

300, 400, 800, 1200 ppm in the air
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Nonstructural carbohydrates

Both the sugar concentrations in leaves and roots were
aected by water level, but this eect diered by species
(twoway interaction, P < 0.05, Table  1). Sawgrass in the in-
undation treatments had similar soluble sugar concentrations
as the control in both leaves and roots (P > 0.05, Figure 8A, C).
For muhly grass, sugar concentrations in both leaves and roots

remained the same as the control in the 10 cm treatment
(P > 0.05) but were signicantly lower in the 35 cm treatment
compared to the control (P < 0.05, F igure 8B, D). In particular,
the sugar conc entration in the roots was almost depleted
(1.6 ± 0.5 (SE) mg g−1).

Water level did not a ect starch concentrations in leaves

of either species ( > 0.05, Table , Figure ). By con-P 1 8E, F
trast, starch in the roots was signi cantly a ected by the 

A

C D

F IGURE 5 Marginal mean values (±1 SE) of
quantum e ciency ( , A, B) and light compensation Φ

point (C, D) estimated from light response curves of
photosynthetic rates for sawgrass (Cladium
jamaicense Muhlenbergia, A, C) and muhly grass (
lipes, B, D ) in d ierent water level treatments
measured at the end of the experiment (week 24).
Di erent lowercase letters indicate signi cant 

di erences among water level treatments ( < 0.05) P

based on post hoc Tukey HSD tests on the
corresponding mixed e ects model

A B

C D

F IGURE 6 Marginal mean values (±1 SE) of leaf
growth rate (A, B) and measured proportion of leaf
death (C, D) for sawgrass (Cladium jamaicense, A, C,
E) and muhly grass (Muhlenbergia lipes , B, D, F)
over time of inundation with di erent water levels.

For the growth rate, di erent lowercase letters

indicate signi cant di erences among water level 

treatments for each measurement ( < 0.05) based onP
post hoc Tukey HSD tests on the corresponding
mixed e ects model. Times without signi cant 

di erences are not marked. The proportion of leaf

death was calculated for 12 leaves per
species treatment group for each

measurement occasion
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A B

C D

F IGURE 7 Marginal mean values (±1 SE) of leaf
water content (A, B) and speci c leaf mass (C, D) for

sawgrass ( , A, C) and muhly grassCladium jamaicense

(Muhlenbergia lipes , B, D) in d ierent water levels
measured in week 22. Di erent lowercase letters

indicate signi cant di erences among water level 

treatments ( < 0.05) based on post hoc Tukey HSDP

tests on the corresponding mixed e ect model. Note

that di erent scales are used for the two species

A B

C D

E F

G H

F IGURE 8 Marginal mean values (±1 SE) of total
soluble sugar (A D) and starch concentration (E H)– –

in leaves (A, B, E, F) and roots (C, D, G, H) for
sawgrass ( , A, C, E, G) and muhlyCladium jamaicense

grass (Muhlenbergia lipes , B , D, F, H ) in dierent
water levels measured at the end of the experiment
(week 24 and 25). Di erent lowercase letters indicate

signi cant di erences among water level treatments 

( < 0.05) based on post hoc Tukey HSD tests on theP

corresponding mixed e ect model
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interaction between water level and species ( = 0.03,P

Table ). Notably, roots of the sawgrass in the 10 cm1
treatment contained a similar amount of starch as the
control ( = 0.59, Figure ), but those in the 35 cm treat-P 8G
ment retained almost twice the amount of starch as in the
control ( = 0.04). For muhly grass, root starch concentra-P
tions were similar across the three water levels ( > 0.05,P

Figure ).8H

DISCUSSION

Wetland plants include a large group of species that have a
wide range of tolerances to inundation (Pezeshki, ).2001
Compared to species that increase photosynthesis when
being inundated (e.g., Jones et al., ), the two species in2018
this study generally decreased photosynthesis to di erent

degrees, representing species that are negatively impacted
by inundation. The results highlight the signi cant inter-

active e ects of water level and inundation duration on

physiological processes, which, to our knowledge, have not
been explicitly addressed before. Particularly important
were nonlinear responses of photosynthesis over the course
of inundation with a sharp drop in photosynthetic rates in
the rst 2 months that was sustained over an extended

period. With a weak inundation tolerance, muhly grass had
a second phase of photosynthetic decline in the deep water

treatment (35 cm) after 4 months of inundation that most
likely resulted in a carbon de cit for the plant. Given

the linkage between carbon acquisition and plant survival
(Ram et al., ) and ecosystem sustainability (Chapin2002
et al., ), these relationships need to be considered in1996
wetland models at the plant and the ecosystem scales.

Responses in photosynthetic carbon uptake

In line with our rst h ypothesis, the two species had sig-
ni cantly di erent photosynthetic responses to inundation
duration (Table 1, Figure 1A, B); Amax was inhibited almost

1 month earlier a nd with a greater decline for muhly grass
than for sawgrass. However, the deepwater treatment (35 cm)
did not cause an earlier or greater inhibition than the shallow

water treatment (10 cm) for either of the species, which refutes
our hypothesis. For we tland plants, oxygen supply for su b-
merged leaves and roots is maintained by aerenchyma tissues
that transport oxygen from the emergent leaves (Blom and
Voesenek, 1996; Jackson and Armstrong, 1999; Voesenek and
BaileySerres, 2015; Loreti et al., 2016). In theory, deeper wat er
leads to a longer transport pathway for o xygen to reach roots
through the aerenchyma. In addition, higher water levels also
submerge more leaf area that is photosynthetically active,
which further constrains carbon uptake and oxygen produc-
tion. Our results suggest that deeper water does not impose
greater stress to the plants in the early stage of inundation.
However, as the inundation persists, with less available oxygen
and accumulated carbon, plants in the deeper water experience

an enhanced stress, as observed for muhly grass with a further
drop in Amax after 4 months of inundation (Figure 1B).

Therefore, we suggest that inundation stress is initially driven
by inundation duration, while a higher water level enhances
the stress only when the inun dation period is con-
siderably long.

The restrained Amax can be partially explained by declines
in gs (Pezeshki, ), which were found in both species. At1993
the same time, we also observed simultaneous declines in
Pmax/Ci that were closely correlated with gs for both s pecies

(Figures , ). The decline of2C, D 3 Pmax/Ci can be used as an
indication of an increase in nonstomatal limitation on pho-
tosynthesis (Salmon et al., 2020). The relationships between
Pmax/Ci and gs also tended to be nonlinear, suggesting that
the importance of stomatal and nonstomatal limitations
varied under di erent stress levels. In sawgrass, Pmax/Ci and
gs had a logarithmic relationship, suggesting that gs responds
more promptly than nonstomatal processes under mild
stress, while nonstomatal limitations dominated only when gs

reduced below ~0.07 mol m−2 s−1 , which rarely occurred.
These responses found in the sawgrass are in line with our
second hypothesis. Similar relationships were also docu-
mented for some other species when environmental stresses
(e.g., drought) were imposed (Salmon et al., 2020). By con-
trast, for muhly grass, this relationship was better described
by an exponential function with a greater initial decline in
nons to ma tal pro ce ss es (Pmax /Ci ) than gs as the stress was
imposed, which contradicts to our second hypothesis. As a C4

plant, muhly grass has a dierent photosynthetic pathway
from t he C3 sawgrass. C4 plants are known to respond dif-

ferently than C 3 plants to environmental stresses (e.g.,
drought) in terms of nonstomatal processes (Ghannoum,
2009). However, the responses we found in muhly grass may
not represent all C4 species. Therefore, more C 4 plant studies

are needed to conclude whether this unique nonstomatal
response of the muhly grass to inundation is related to the C4

phot osynthe tic path way.
Nonstomatal limitations include the di usion of CO 2

into chloroplast (i.e., mesophyll conductance) and a series of
biochemical processes within chloroplast (Grassi and
Magnani, ; Kaiser et al., ). While it is known that2005 2015
mesophyll conductance could decrease under inundation
stress (Moldau, ), our results also show evidence of1973
downregulations in biochemical processes including Vcmax

and Jmax. These declines in Vcmax and Jmax were likely more
substantial for muhly grass than for sawgrass, especially
those in the 35 cm treatment (Figure ). These biochemical4
limitations in muhly grass were also re ected in its low

quantum e ciency in the 35 cm water level (Figure ). 5B
These larger downregulations of biochemical processes in
muhly grass are linked to its stronger nonstomatal limita-
tion in photosynthesis than sawgrass. Moreover, this strong
nonstomatal limitation also largely explains the second
phase of Amax decline after 4 months of inundation for the
muhly grass in the 35 cm water level (Figure ).1B

Overall, with an earlier and greater decline in photo-
synthesis, muhly grass appears to have a more extreme
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strategy than sawgrass to cope with inundation stress. By
contrast, the initial photosynthetic inhibition of sawgrass
even showed signs of enhanced WUE (Figure ), suggesting2E
that sawgrass has a physiological advantage over muhly grass
in an inundated environment. While muhly grass could
survive under mild inundation, it could be threatened in deep
water over an extended period by the constrained carbon
uptake due to severe metabolic impairment.

Carbon use strategies

Despite limited carbon input via photosynthesis under in-
undation, sawgrass maintained its carbon metabolism via
leaf growth and respiration at the same levels as the control
(Figures , ). No reduction was observed in their NSC1C 6A
reserves (Figure ). These well maintained patterns seen in8 

both carbon metabolism and storage provide evidence that
the inundation stress was mild for the sawgrass, even in the
deep water treatment. This may be largely attributed to the

extensive aerenchyma system that is developed throughout
the leaves and roots of sawgrass (Appendix ; Kludze andS5
DeLaune, ), allowing su cient oxygen transport to the1996 

roots (Jackson and Armstrong, ). In particular, saw-1999
grass had more unsubmerged leaf area above water com-
pared to the muhly grass under the same water level
treatment, and these leaves could potentially produce more
oxygen through photosynthesis and facilitate oxygen
transportation to roots. It is worth noting that sawgrass in
the 35 cm water level treatment accumulated even more
starch in roots compared to the control (Figure ). This8G
result di ers from previous studies that reported decreased

starch concentrations in plant roots under inundation (e.g.,
Wample and Davis, ; Vu and Yelenosky, ). Starch,1983 1992
the primary form of NSC storage in plants, can be converted
into sugar for metabolic consumption (Hartmann and
Trumbore, ). With increased starch storage, our result2016
implies a strategy the plants take under mild stress to pre-
pare for more severe conditions. Given that the photo-
synthetic carbon input was lower in the 35 cm water level
treatment than in the control, the excess starch that accu-
mulated in roots might be a result of reduced root meta-
bolism or growth (Pezeshki et al., ), which has as yet to1991
be determined for sawgrass.

In contrast to sawgrass, muhly grass suppressed leaf
respiration and growth under inundation to cope with the
reduced photosynthesis, representing a typical quiescence“ ”

strategy (Loreti et al., ). As the primary energy source2016
for metabolism, sugars were signi cantly depleted, parti-

cularly in roots, for the plants in the 35 cm water level
compared to the control (Figure ), which is consistent8B, D 
with our third hypothesis. Interestingly, of the measured
sugars, sucrose in leaves was signi cantly reduced in the

35 cm water level, while glucose remained unchanged
compared to the control (Appendix ). This result mayS6
indicate that, with limited carbon input, plants tended to
keep photosynthates as glucose to maintain metabolism in

the leaves, while carbon translocation to other portions of
the plant in the form of sucrose was signi cantly reduced.

Starch pools in leaves and roots were unchanged for muhly
grass under inundation compared to the control (Figure 8F,
H). This result di ers from many previous inundation

studies that found reductions in starch reserves (Vu and
Yelenosky, ; Pan et al., ; Qin et al., ). Our1992 2012 2013
results indicate that, even under severe physiological stress,
muhly grass managed to maintain a starch pool level that is
essential for post stress recovery (Das et al., ) and thus 2005
survival (Ram et al., ). These carbon use strategies2002 

enable muhly grass, with a relatively weak tolerance to in-
undation, to survive and dominate in areas that are reg-
ularly ooded.

Implications for changes in plant communities

A plant community that consists of plants with di erent

inundation tolerances can be vulnerable to shifts in hy-
draulic conditions. For example, the Comprehensive Ever-
glades Restoration Plan aims to increase freshwater ow in

the Everglades to restore the landscape and alleviate some of
the e ects of saltwater intrusion (Perry, ). With an 2004
elevated water ow, higher water levels and longer hydro-

periods are expected in many areas of the Everglades, which
potentially may lead to changes in the plant communities
(Armentano et al., ). The study by Armentano et al.2006
( ) showed that sawgrass is mostly distributed in areas2006
with a mean water level <40 cm, but sawgrass can be present
in areas with water up to 100 cm deep and year round in-

undation (Todd et al., ). By contrast, muhly grass2010
mainly dominates areas with water levels within 15 cm and
inundation up to 6 months. Our results provide physiolo-
gical evidence that reveals the inundation tolerance of the
two species, which is in line with their distribution patterns.
The results suggest that, under a more intensive inundation
scenario, the survival of muhly grass would be threatened
due to carbon de ciency, while sawgrass, with a well 

maintained carbon balance, may still thrive in most areas of
the Everglades. Future studies that track the recovery of
plant carbon balance after being treated with di erent levels

of inundation should provide more insights into the sus-
tainability of a plant community.
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