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Abstract

Hydrology drives the carbon balance of wetlands by controlling the uptake and release of CO, and CHy. Longer dry
periods in between heavier precipitation events predicted for the Everglades region, may alter the stability of large
carbon pools in this wetland’s ecosystems. To determine the effects of drought on CO, fluxes and CH, emissions, we
simulated changes in hydroperiod with three scenarios that differed in the onset rate of drought (gradual, intermedi-
ate, and rapid transition into drought) on 18 freshwater wetland monoliths collected from an Everglades short-hydro-
period marsh. Simulated drought, regardless of the onset rate, resulted in higher net CO, losses net ecosystem
exchange (NEE) over the 22-week manipulation. Drought caused extensive vegetation dieback, increased ecosystem
respiration (Rec,), and reduced carbon uptake gross ecosystem exchange (GEE). Photosynthetic potential measured
by reflective indices (photochemical reflectance index, water index, normalized phaeophytinization index, and the
normalized difference vegetation index) indicated that water stress limited GEE and inhibited Rec,. As a result of
drought-induced dieback, NEE did not offset methane production during periods of inundation. The average ratio of
net CHy to NEE over the study period was 0.06, surpassing the 100-year greenhouse warming compensation point
for CHy (0.04). Drought-induced diebacks of sawgrass (C) led to the establishment of the invasive species torpedo-
grass (C,) when water was resupplied. These changes in the structure and function indicate that freshwater marsh
ecosystems can become a net source of CO, and CHy, to the atmosphere, even following an extended drought. Future
changes in precipitation patterns and drought occurrence/duration can change the carbon storage capacity of fresh-
water marshes from sinks to sources of carbon to the atmosphere. Therefore, climate change will impact the carbon
storage capacity of freshwater marshes by influencing water availability and the potential for positive feedbacks on
radiative forcing.
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stability of this large pool of carbon is uncertain due to

human influence and changes in climate.
Globally, wetlands have been reduced as a result of

Introduction

Wetlands have a great potential for carbon sequestra-

tion and storage as hydric conditions slow decomposi-
tion in the soil, and carbon accumulates over long time
periods at rates higher than other ecosystems (Whiting
& Chanton, 2001; Brevik & Homburg, 2004; Choi &
Wang, 2004). Globally, there is more carbon stored in
soil (1672 Gt) than in the atmosphere (738.2 Gt) and
plant biomass (850 Gt; living and dead) combined
(Reddy & DeLaune, 2008). Representing just 5-8% of
global land cover, wetlands are one of the largest com-
ponents of the terrestrial carbon pool, storing 535 Gt of
carbon below ground, which is 32% of all soil carbon
(Whiting & Chanton, 1993; Zedler & Kercher, 2005;
Mitsch & Gosselink, 2007; Adhikari ef al., 2009). The
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land cover change (Armentano, 1980). Agriculture,
development, and changes in hydrology caused 50%
of wetland loss in the United States since the 1900s
(Dugan, 1993). One of the largest wetland ecosystems
in the United States, the Everglades, has had consider-
able human influence on its hydrological regime. Over
the last 130 years, the hydrologic regime in this
subtropical system has been altered by 2500 km of
spillways, levees, and canals that were designed for
flood protection and to provide water to south
Florida. Due to the adverse effects of reduced water
flow, current water management is being modified
again under the Comprehensive Everglades Restora-
tion Plan (CERP) (Perry, 2004). As part of CERP,
water resources will be redistributed, changing the
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current water levels and hydroperiods to levels closer
to natural values in many areas of Everglades
National Park (Perry, 2004).

Driving the greenhouse carbon balance, hydrology is
an extremely important factor in carbon cycling (Bubier
et al., 2003a, b; Smith ef al., 2003; Heinsch, 2004; Web-
ster et al., 2013). Hydroperiods directly impact produc-
tivity (Childers, 2006; Hao et al., 2011; Schedlbauer
et al., 2012), decomposition rates, CH, production and
oxidation (King et al., 1990; Bachoon & Jones, 1992;
Torn & Chapin, 1993; Smith ef al., 2003; Whalen, 2005),
CaCOj; precipitation (Davis & Ogden, 1994), and CO,
sequestration (Jimenez et al., 2012). Although wetland
ecosystems have large carbon pools, under certain con-
ditions they can become a source of carbon to the atmo-
sphere (Jimenez et al., 2012; Webster et al., 2013). As
water levels decrease, oxygen availability increases aer-
obic respiration rates, decomposing the carbon stored
in the soil and causing losses to the atmosphere as CO,
(Webster et al., 2013). Wetlands also become a source of
carbon when low redox potentials initiate other green-
house gas production, such as CHy; and N,O (Smith
et al., 2003; Webster et al., 2013).

The ratio of CH, emissions to net CO, uptake is an
index for an ecosystem’s greenhouse gas (carbon)
exchange balance with the atmosphere (Whiting &
Chanton, 2001). In wetland ecosystems, the greenhouse
gas (carbon) exchange balance is dependent on interac-
tions between physical conditions, microbial processes
in the soil, and vegetation characteristics (King et al.,
1990; Bachoon & Jones, 1992; Whiting & Chanton,
2001; Smith et al., 2003). Through heterotrophic respi-
ration and decomposition of organic matter, CO, is
released from soil, increasing exponentially with
higher temperatures (Bubier et al., 2003a; Heinsch,
2004; Aurela et al., 2007; Pearlstine et al., 2010; Jimenez
et al., 2012) and decreasing with soil saturation (Torn
& Chapin, 1993; Whiting & Chanton, 2001; Smith et al.,
2003; Heinsch, 2004; Schedlbauer ef al., 2010; Jimenez
et al., 2012; Webster et al., 2013). Inundated conditions
promote carbon storage from biomass produced by
photosynthesis and stimulate losses as a result of low
redox potentials that lead to the production of the
more potent greenhouse gas CH, (Mitsch & Gosselink,
2007; Hao et al., 2011). Although wetlands contribute
more than 10% of the annual global emissions of CHy,
previous studies have shown that NEE can mitigate
the impact of CHy efflux (Whiting & Chanton, 2001;
Mitra et al., 2005; Mitsch et al., 2012). However, due to
changes in climate, the future greenhouse gas (carbon)
exchange balance of wetlands is uncertain (Whiting &
Chanton, 2001).

The goal of this study was to use simulated drought
to determine how the greenhouse carbon balance of

short-hydroperiod freshwater ecosystems respond to
changes in hydroperiod. We used the Everglades as
our study site, as its hydrologic cycle is not only
expected to change with CERP, but with future predic-
tions of climate change. For the south Florida region,
the IPCC (2007) projects increased occurrence of large
single day rain events with higher drought frequency
and rising air temperatures. The increase in drought
frequency and higher temperatures will cause lower
water availability, which will significantly influence the
greenhouse carbon balance of Everglades ecosystems
(Davis & Ogden, 1994; Todd et al., 2010). Understand-
ing the complex relationships between carbon cycling
in the Everglades freshwater marshes and environmen-
tal controls is important in determining the future
carbon dynamics of wetland ecosystems.

We hypothesize that the increased frequency and
duration of droughts will increase CO, and decrease
CH, emissions from freshwater marshes of the Ever-
glades’ through a reduction in soil water availability.
Reductions in water availability will result in increased
soil oxygenation, lower rates of methanogenesis, and
higher CO, production via methane oxidation and
increased aerobic respiration (Bachoon & Jones, 1992).
The effects of water stress will also cause a reduction
in the water content of the vegetation, light use effi-
ciency, and chlorophyll content, while chlorophyll deg-
radation should increase. We also hypothesize that the
speed of drought onset will influence photosynthetic
potentials and net exchange rates for both CO, and
CH4. A more gradual transition to drought will pro-
duce lower net ecosystem exchange (NEE) rates (more
carbon uptake) and higher ecosystem CH, fluxes than
intermediate and rapid transition into drought, due to
the length of water availability. Drought simulation
will likely decrease carbon storage and increase atmo-
spheric forcing. As changes in hydrology due to
climate and management are the issues for wetlands
globally, results from this study can add to our under-
standing of potential changes in the structure and func-
tion of these ecosystems, as well as their contributions
to the global carbon cycle and values as reservoirs for
carbon.

Materials and methods

Study site

Intact monoliths (30 x 60 x 20 cm; n = 18) of short-hydrope-
riod marsh (marl soils) were collected just outside Everglades
National Park (25°25'33.55"N, 80°28'7.37"W). Collection
occurred on sites dominated (>90%) by sawgrass on March
18th 2011. Monoliths were cut out of the ecosystem with their
physical structure maintained (soil and roots approximately
20 cm deep collected, down to the bedrock). Following
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collection, monoliths were placed in transportation tanks to
prevent desiccation and transported by truck to the Univer-
sity of Alabama. Monoliths were removed from travel tanks
and transplanted into permanent containers at the Univer-
sity’s flow-controlled mesocosm facility (http://www.as.ua.
edu/biolaqua/cfs/cfsmeso.htm) within 3 days of collection,
and allowed 8 weeks to recover from harvesting, travel, and
transplanting. Preliminary studies showed that at least
4 weeks was sufficient recovery time from both travel and
transplantation (G. Starr and S. Oberbauer, unpublished
results). During recovery, water levels were maintained
20 cm above the soil surface to simulate inundated conditions
regularly seen in the short-hydroperiod marshes around Tay-
lor Slough during the wet season (Schedlbauer et al., 2010,
2011; Jimenez et al., 2012).

The short-hydroperiod freshwater marsh ecosystems in the
Everglades region are oligotrophic, subtropical wetlands with
a year round growing season. Receiving approximately
1430 mm of precipitation annually, the majority of rainfall
occurs during the wet season (May—October) with only 25% of
annual precipitation falling during the dry season (Novem-
ber-April) (National Climatic Data Center, http://www.ncdc.
noaa.gov/). Severe drought occurs every 4-6 years with La
Nina events (Abtew ef al., 2007). These wetlands are domi-
nated by the C; species sawgrass (Cladium jamaicense) and by
the C4 species muhly grass (Muhlenbergia capillaris).

Experimental design

Using a randomized complete block design, each monolith
(n =18) was randomly assigned to one of two large flow
tanks, then to a treatment (drought scenario: gradual, inter-
mediate, and rapid transition to simulated drought). The
study was limited to two flow tanks so that all monoliths
were contained within one bay of the flow-controlled meso-
cosm facility to isolate blocking variation. At the beginning of
the experiment (following the 8-week recovery period), water
levels were maintained at the soil surface for 4 weeks to
simulate inundated conditions. Since water levels at Taylor
Slough were approximately 20 cm below the surface at the
peak of the dry season in 2008 and 2010 (average years; G.
Starr and S. Oberbauer, unpublished results), all drought
scenarios targeted this water level. Within each tank, drought
was simulated by changing hydroperiods (raising monoliths
above the water level) at three rates: gradual (20 cm change
in 4 weeks), intermediate (20 cm change in 2 weeks), and
rapid (20 cm change in 1 week). There were three replicates
of each treatment in each tank (n = 6 per drought scenario).
Once all monoliths were elevated to 20 cm above the water
level, blocks were maintained at this height for 3 weeks to
simulate moderate dry-season conditions (Jimenez et al.,
2012). Following the dry period, monoliths were reinundated
for 3 weeks to allow recovery from drought, and the manipu-
lation began again. Successive dry-downs were performed to
test the additive effect of drought, a scenario observed at Tay-
lor Slough (2010 dry season) and a scenario likely to occur fre-
quently in the region as a result of climate change. The entire
experiment occurred over a 22-week period from June to
October 2011.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2511-2523

Carbon dynamic measurements

CO; fluxes. Net ecosystem exchange (NEE) and ecosystem
respiration (Re.,) were measured each week of the study with
an infrared gas analyzer using a closed path chamber (LI-
6200; LI-COR Inc., Lincoln, NE, USA) (Poorter, 1993; Vourlitis
et al., 1993; Oberbauer et al., 1998). Chamber temperature and
photosynthetically active radiation (PAR) were recorded using
a Type-T, fine wire thermocouple and a LI-COR LI-1905-1
quantum sensor attached to the LI-COR 6200 cuvette head.
Measurements were taken three times a day (sunrise: 6:00 to
10:00 hours; noon: 11:00 to 3:00 hours, and dusk: 4:00 to
8:00 hours) at ambient light (NEE), and each measurement of
NEE was followed by a dark measurement (Re.,) (Oberbauer
et al., 1998). Gross ecosystem exchange (GEE) was calculated
as:

GEE = NEE — Reco (1)

CH, fluxes. Net methane flux was measured using the static
chamber method (Whalen & Reeburgh, 1988; Vourlitis et al.,
1993; Tsuyuzaki et al, 2001). Four static chambers
(58.72 x 37.47 x 126.15 cm) were used to measure methane
fluxes on the 18 monoliths each week, with two chambers ran-
domly assigned to each tank. Headspace samples were drawn
from each chamber every 15 min for 45 min, using 3 ml syrin-
ges with needles permanently attached with epoxy cement
(Whalen & Reeburgh, 1988). At each time point, duplicate
samples were collected. Data collection occurred during a 5-h
period (9:00 to 2:00 hours) when we would expect to see maxi-
mum CH, fluxes (McDermitt et al., 2011). A SRI-310C (SRI
International, Menlo Park, CA, USA) FID gas chromatograph
was used to analyze samples. CH, flux was calculated as the
rate of concentration change over the sampling period (Vourli-
tis et al., 1993).

Greenhouse carbon balance. To determine the greenhouse
carbon balance of the short-hydroperiod marsh in relation to
simulated drought, we used the greenhouse gas (carbon)
exchange balance, the ratio of CH4 emissions to net CO,
(mol mol ™), and the greenhouse warming potential (GWP) of
methane for a 100-year time frame (GWP = 25) (IPCC, 2007).
Ratios were calculated using maximum midday CH4 emis-
sions and midday NEE. The greenhouse carbon compensation
point for a 100-year time frame is 0.04 (1/GWP). Ratios of CH,4
to CO, greater than this value indicate that CH4 emissions are
not offset by ecosystem productivity over a 100-year period,
reducing the amount of carbon stored in the ecosystem. We
examined weekly changes in ratios over the study period for
each drought scenario.

Physiological potential

Canopy reflectance measurements were taken 30 cm above
the canopy in the center of each monolith on the same day that
CO, flux measurements were conducted, near solar noon,
using a UNI0O07 UniSpec-SC single-channel spectrometer (PP
Systems, Amesbury, MA, USA). Reflective indices such as the
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photochemical reflectance index (PRI; Gamon & Penuelas,
1992), water index (WI; Pefuelas et al., 1993, 1997), normalized
phaeophytinization index (NPQI; Barnes et al., 1992), and the
normalized difference vegetation index (NDVI; modified from
Tucker, 1979; Fuentes et al., 2006; Claudio et al., 2006) were
used to detect changes in physiological potential and stress
levels of the monoliths. PRI is generally used to estimate light
use efficiency, W1 is associated with water content of the vege-
tation (Claudio et al., 2006; Fuentes et al., 2006), NPQI is an
estimate of chlorophyll degradation (Pefiuelas & Filella, 1998),
and NDVI is an estimate of chlorophyll content and energy
absorption (Fuentes et al., 2006; Ollinger, 2011).

Environmental conditions. In addition to reflectance indices,
we monitored additional environmental parameters within
the facility bay that are known to be relevant to carbon fluxes.
Environmental conditions were monitored continuously and
data recorded half hourly with a CR1000 data logger and mul-
tiplexer (Campbell Scientific, Logan, UT, USA). Air and soil
temperature at 5 cm (type T, copper—constantan), PAR (LI
190; LI-COR Inc.), relative humidity (HMP-45C Vaisala), tem-
perature and relative humidity sensor (Campbell Scientific),
and barometric pressure (CS106; Campbell Scientific) were
measured using sensors attached to the data logger. We also
measured soil volumetric water content (VWC) (CS 615;
Campbell Scientific), in one monolith in each treatment per
tank during the weeks 7-22. Measurements were made once
every 10 s and averaged over 30 min.

Biomass, leaf area, and species composition

All aboveground biomass was harvested at the end of the
experiment to examine dieback and changes in species compo-
sition in response to drought simulation. Measurements of
total fresh and dry weight and total leaf area by species were
made for each monolith. Initial fresh weight was measured
immediately following harvesting. Following fresh weights,
leaf area was measured by species using an LI-3000 (LI-COR
Inc.). All live vegetation was separated by species to deter-
mine changes in dominant species composition as compared
to the initial composition of monoliths that were dominated
by sawgrass (>90%). All aboveground vegetation was dried
for 48 h at 60°C in a Fisher Scientific Isotemp drying oven
(Fisher Scientific, Waltham, MA, USA). Dry weights were
recorded directly following removal from the drying oven to
prevent moisture absorption.

Data analysis

As a preliminary step, we examined the effect of microclimatic
variables on midday carbon fluxes via correlation analysis.
Pearson’s correlation coefficients were calculated for carbon
fluxes, as well as air temperature, PAR, relative humidity, and
soil volumetric water content via the SAS procedure PROC CORR
(SAS Institute Inc., Cary, NC, USA).

To determine the effect of drought scenarios on carbon
exchange, we used repeated measures analysis of variance
methods, analyzing weekly flux data (NEE, Re., GEE),

reflective indices (WI, NDVI, PRI, NPQI), and the ratio of
CH, : CO,. We utilized mixed modeling methods, with vari-
ance—covariance matrices explicitly formulated to appropri-
ately account for both the random effect of blocking (tanks)
and the repeated measurement of each experimental unit over
time. Variance—covariance parameters were estimated via
Restricted Maximum Likelihood using the SAS procedure
PROC MIXED. Models included fixed effects for drought scenario
and week, and a covariate was included for temperature. We
also included a fixed effect to delineate the experimental peri-
ods during the manipulation: inundation, manipulation
(water level lowering), dry periods (water levels 20 cm below
soil surface), and pulse events (Ist day of inundation) and
drought simulations: simulation 1 (June 1st to August 10th)
and simulation 2 (August 17 to October 26th). Random effects
were included for tank and plot to appropriately account for
the physical design of the experiment, and week to account
for the repeated measures nature of the data. An additional
analysis was performed for data collected during midday
(9:00 to 2:00 hours) (carbon fluxes, reflective indices, tempera-
ture, PAR, soil volumetric water content, and relative humid-
ity). Mixed modeling methods were also used to test
differences between live and dead vegetation and/or drought
scenarios for leaf area and vegetation weight at the end of the
experiment. Fixed effects included drought scenario and
status (live or dead) and random effects were included for
tank and plot.

A modified backward selection method was used to deter-
mine the appropriate effects for the final models. First, all
parameters were included in the model, including all first-
order interactions between parameters. Then, the least signifi-
cant effects based on the Wald chi-square statistics were
dropped one at a time until all remaining in the model were
influential (P < 0.05). Goodness-of-fit statistics, Akaike’s infor-
mation criteria (AIC) and Bayesian information criteria (BIC),
were used to compare models. AIC and BIC are model selec-
tion statistics appropriate for non-nested models, which
measure how close fitted values are to true values, with a pen-
alty for the number of parameters in the model (Littell et al.,
2006). At each step in model selection, the significance of each
model parameter was evaluated and we ensured that the final
model had the lowest AIC and BIC values. To test for differ-
ences among levels of categorical variables, least square
means were produced, which are the marginal predicted
mean values for the model-dependent variable given all other
variables in the model are at their average values. Differences
among means were tested with the Tukey—Kramer multiple
comparisons test. Assumptions of normality and homoscedas-
ticity were evaluated visually by plotting residuals.

Results

Carbon dioxide

We observed significant changes over the course of the
drought experiment in NEE, R.., and GEE (Fig. 1).
Simple two-way Pearson correlations of midday NEE
indicated that the chlorophyll content of the vegetation

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2511-2523
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Fig. 1 Changes in average net ecosystem exchange (NEE), Rec, and gross ecosystem exchange (GEE) over the study period in response
to changes in water level for all drought scenarios. NEE and GEE were lowest (greater carbon uptake) during periods of inundation
and highest (greater carbon release to the atmosphere) during drought simulations. R, increased during drought simulation up until

water began limiting respiration rates.

Table 1 Pearson’s correlation coefficients (r) and their associated P-values for midday measurements of CO, flux components,
reflective indices (NDVI, NPQI, WI), and environmental factors (Air temperature, PAR, barometric pressure, and relative humidity)

r Relative
P-value NEE Reco GEE CH, : CO, NDVI PRI NPQI WI TEMP PAR Pressure humidity
CHy : CO, 0.01 —-0.04 0.04
0.899 0.409 0.428
NDVI -0.13  -0.17 0.04 —-0.13
0.008 0.001 0.435 0.010
PRI —0.02 0.01 —-0.07 —0.02 0.26
0.729 0.167 0.148 0.074 <0.001
NPQI 0.002 0.03 —-0.03 —0.04 0.35 0.89
0.958 0.518 0.577 0.433 <0.001  <0.001
WI —-0.01 -0.14 0.11 0.04 -0.18 -0.87 —0.89
0.785 0.001 0.030 0.451 <0.001 <0.001 <0.001
TEMP 0.015 0.004 0.002 0.04 0.32 —-0.29 —0.41 0.25
0.766 0.935 0.961 0.433 <0.001 <0.001 <0.001 <0.001
PAR 0.08 —0.05 —0.034 -0.10 -0.003 -0.08 —0.06 0.19
0.118 0.367 0.504 0.040 0.946 0.114 0.274 <0.001
Pressure 0.06 —0.07 0.013 —-0.03 0.18 -0.21 -0.10 0.17 0.13  —0.02
0.261 0.168 0.799 0.508 <0.001 <0.001 0.053 <0.001 0.010 0.699
Relative 0.02 0.14 —-0.12 0.12 —-0.27 0.10 0.10 —0.11 —0.03 —0.65 —0.24
humidity 0.755 0.005 0.013 0.016 <0.001 0.059 0.193 0.023 0.528 <0.001 <0.001
VWC 0.22 0.08 —-0.02 —0.06 0.29 0.29 0.14 -0.03 -028 —-022 —-0.24 —0.19
0.139 0.457 0.888 0.685 0.042 0.050 0.354 0.844 0.058 0.138 0.105 0.203

GEE, gross ecosystem exchange; NDVI, Normalized difference vegetation index; NEE, net ecosystem exchange; NPQI, normalized
phaeophytinization index; PAR, photosynthetically active radiation; PRI, photochemical reflectance index; WI, water index.

(NDVI) increased linearly with increasing net carbon
uptake (P = 0.008; r = —0.13) (Table 1). Although tem-
perature did not have a significant correlation with
midday NEE, further analysis showed a significant
positive correlation with temperature for the entire
NEE data set (sunrise, noon, dusk; P < 0.001;
r = —0.16). Repeated measures analysis of net carbon

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2511-2523

uptake showed that the interaction between the time of
day (diurnal: sunrise, noon, or sunset) and experimen-
tal period (inundation, manipulation, dry period or
pulse; P <0.001), and temperature and the drought
simulation (simulation 1: June 1st-August 10th and
simulation 2: August 17-October 26th; P < 0.001)
significantly influenced NEE (Table 2). NEE was
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Table 2 Estimated fixed effects, SE, and P-values for the repeated measures analysis of net ecosystem exchange (NEE), ecosystem

respiration (Reco), gross ecosystem exchange (GEE)

NEE Reco GEE

Parameters Estimate SE P-value Estimate SE P-value Estimate SE P-value
Intercept 0.2978 0.2304  0.197 0.5254 0.116 <0.001  —-0.1539 0.2385 0.519
Drought scenario

Gradual vs. rapid —-0.0725 0.084 0403 —0.0588 0.668 —0.0115 0.1421 0.937

Intermediate vs. rapid 0.0013 0.084  0.988 —0.1195 0.388 0.1299 0.1421  0.375
Diurnal

Sunrise vs. sunset 0.3265 0.1612  0.043 0.0183 0.0875  0.834

Noon vs. sunset —0.2332  0.1564 0.136 —-0.5321 0.078 <0.001
Experimental period

Inundation vs. pulse 0.3181 0.1728  0.066 0.3217 0.1537 0.037 —0.5227 0.1503  0.001

Manipulation vs. pulse 1.1727  0.1896 <0.001 0.996  0.1861 <0.001 —0.2495 0.1802 0.17

Dry period vs. pulse —0.2332 0.1564 0.687 0.1528 0.1176  0.195 —0.2225 0.1123  0.048
Diurnal*experimental period

Sunrise vs. sunset Inundation vs. pulse —0.7019 0.2017  0.001

Sunrise vs. sunset Manipulation vs. pulse —0.7821 0.2121 <0.001

Sunrise vs. sunset Dry period vs. Pulse —0.2555 02112 0.227

Noon vs. sunset  Inundation vs. pulse —0.7198 0.2012 <0.001

Noon vs. sunset ~ Manipulation vs. pulse —0.3231 0.2075  0.120

Noon vs. sunset  Dry period vs. pulse 0.3226  0.2089  0.123
Drought (first vs. second) 1.3475 0.4011 0.001 —0.1282 0.2791  0.646 0.2362 0.3595 0.511
Temperature —0.0632 0.1566 0.506 —0.0008 0.0004 0.048 0.0008 0.0007  0.244
Temperature*Drought

First vs. second —0.0474 0.0118 <0.001 0.0169 0.0007  0.020 —0.0251 0.0103  0.015

highest (lower net carbon uptake) during periods of
manipulation at sunrise and sunset when temperatures
were lower (Fig. 2d) and lowest during periods of
inundation at midday (Fig. 2d). The interaction
between drought and temperature indicated that net
carbon uptake increased with temperature during the
first drought simulation whereas NEE remained con-
stant as temperature increased throughout the second
drought simulation (Fig. 2a).

Ecosystem respiration rates (Re.,) were positively
correlated with relative humidity (P = 0.005; r = 0.14),
and negatively correlated with water stress (WI:
P =0.001; r = —0.14) and NDVI (P = 0.001, r = —0.17)
(Table 1). Repeated measures analysis of ecosystem
respiration (Ree,) showed that experimental period
(P <0.001) and the interaction between temperature
and the drought simulation (P = 0.020) were significant
indicators of ecosystem respiration (Table 2; Fig. 2b).
Drawdowns caused an increase in respiration and rates
were highest during dry periods (Fig. 1) until water
stress limited respiration. R, increased slightly when
temperatures increased during the first drought, but
decreased slightly when temperatures increased during
the second drought period (Table 2; Fig. 2b).

Time of day (diurnal; P < 0.001), experimental period
(P <0.001), and the interaction between temperature

and drought (P = 0.015) were all significant predictors
of GEE (Table 2). GEE followed the same pattern as
NEE with greater carbon uptake occurring at noon
(P <0.001) and during periods of inundation
(P < 0.001). Following the same pattern as Rec,, during
the first drought there was a slight decrease in GEE
(greater carbon uptake) as temperature increased, while
during the second drought there was a slight increase
as temperature increased (Fig. 2c). All CO, fluxes were
significantly lower following the first drought simula-
tion (Fig. 2a—c), and on average all drought scenarios
were a net source of CO, to the atmosphere (approxi-
mately 0.20 gmol m 2 s ).

Greenhouse carbon balance

Changes in the greenhouse carbon balance occurred as
a result of drought simulation. Relative humidity was
positively correlated with the CH,4 : CO, ratio (P =
0.016; r = 0.12; Table 1), more methane was emitted
than net carbon uptake could offset as relative humid-
ity increased. And, as NDVI decreased due to higher
water levels, methane levels rose (P = 0.010; » = —0.13).
Repeated measures analysis showed that there were
no differences among drought scenarios (P = 0.497)
and that NDVI was the only significant indicator of

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2511-2523
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Fig. 2 Least square mean predicted values of the interactions between: (a) temperature and drought simulation for net ecosystem
exchange (NEE), (b) Reco, () gross ecosystem exchange (GEE), and (d) diurnal (sunrise, noon, and sunset) and experimental period
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during midday measurement when monoliths were inundated and carbon release was greatest during manipulations (d—e). The chloro-
phyll content of the vegetation was highest for the gradual drought scenario during pulse events (d).

CH, : CO, (P = 0.010; Table 3). During periods of inun-
dation, methane flux rates recovered faster than net car-
bon uptake causing the system to become a source of
carbon to the atmosphere (Fig. 3). Although not signifi-
cantly higher, the gradual simulation scenario had the
highest ratio of CHy : CO, on average.

Physiological potential

Physiological potential had strong correlations with
environmental and flux variables (Table 1). The chloro-
phyll content of the vegetation (NDVI) increased with
NPQI (P <0.001; r=0.35), PRI (P <0.001; r=0.26),
temperature (P < 0.001; r = 0.32), pressure (P = 0.001;
r=0.18), VWC (P =0.042, r = 0.29), and net carbon
uptake (NEE; P = 0.008; r = —0.13), and decreased with
increasing ecosystem respiration (Re.,; P = 0.001;
—0.17), CH,4 : CO, (P = 0.010; r = —0.13), WI (P =

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2511-2523

0.001; r = —0.18), PAR (P = 0.040; r = —0.10), and rela-
tive humidity (P < 0.001; r = —0.27) (Table 1). Repeated
measures analysis of NDVI showed that changes in
physiological potential were significantly different over
the times in the study period (Table 3). The interaction
of drought scenario and experimental period
(P =0.023), NPQI (P < 0.001), and WI (P < 0.001) were
all significant indicators of NDVI (Table 3). NDVI was
greatest during pulse events under the gradual drought
scenario and lowest during periods of manipulation
under the intermediate drought scenario (Fig. 2e).
There were no significant differences between total
leaf area at the end of the study for the drought
scenarios for all species combined (P = 0.282). How-
ever, total leaf area for sawgrass was marginally
significantly different by drought scenario (P = 0.157),
with the gradual scenario having the highest pre-
dicted least square mean (473.47 cm® + SE 105.24) vs.



2518 S. L. MALONE etal.

Table 3 Estimated fixed effects, SE, and P-values for the repeated measures analysis of the ratio of net CH, flux to net CO, uptake,

and the normalized difference vegetation index (NDVI)

CH4 : C02 NDVI
Parameters Estimate SE P-value Estimate SE P-value
Intercept 2.5699 2.9156 0.4266 —-0.016 0.0315 0.6155
Drought scenario
Gradual vs. rapid 2.4586 3.1601 0.4506 0.059 0.0383 0.0224
Intermediate vs. rapid —1.3962 3.2424 0.673 0.0336 0.0383 0.3835
Experimental period
Inundation vs. pulse 0.0128 0.0246 0.6019
Manipulation vs. pulse 0.0009 0.0266 0.7325
Dry period vs. pulse —0.0286 0.0265 0.2798
Drought scenario*experimental period
Gradual vs. rapid Inundation vs. pulse —0.0998 0.035 0.0008
Gradual vs. rapid Manipulation vs. pulse —0.1184 0.0376 0.002
Gradual vs. rapid Dry period vs. pulse —0.0491 0.0373 0.1895
Intermediate vs. rapid Inundation vs. pulse —0.0611 0.0348 0.08
Intermediate vs. rapid Manipulation vs. pulse —0.0957 0.0376 0.0114
Intermediate vs. rapid Dry period vs. pulse —0.0389 0.0373 0.299
NDVI —-38.19 14.806 0.0104
NPQI 0.2247 0.0212 <0.0001
WI 0.0998 0.0134 <0.0001
NPQI, normalized phaeophytinization index; WI, water index.
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Fig. 3 Changes in average CH, to net CO, exchange over the study period in relation to average changes in water levels and the green-
house carbon compensation point for 100 years (0.04). This system is a small source of carbon to the atmosphere due to the lack of

recovery in net ecosystem exchange (NEE) during periods of inundation.

the intermediate (177.37 cm*+ SE 105.24) and the
rapid (263.12 cm? + SE 105.24) scenarios (Fig. 4a).
Prior to the start of the study, monoliths were domi-
nated (>90%) by sawgrass. At the end of the study,
sawgrass accounted for just 47% of average total leaf
area whereas torpedograss accounted for 35% of aver-
age total leaf area for the gradual and rapid drought
scenarios (Fig. 4a). Die back as a result of drought
simulation was observed under all drought scenarios
and differences in dry weight of live vegetation
differed marginally by drought scenario (P = 0.248)
(Fig. 4b). The gradual transition to drought had the

greatest predicted least square mean (42.43 g & SE
10.18), vs. the intermediate (11.29 g + SE 10.18) and
rapid (12.75 g = SE 10.18) drought scenarios. High
variability between plots led to marginal differences
among drought scenarios for the amount of vegetation
and the species that sprouted following the final

simulated drought (Fig. 4a).

Discussion

As expected, drought turned the ecosystem into a
source of carbon to the atmosphere by increasing

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2511-2523
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Fig. 4 (a) Average leaf area for each drought scenario by
species contribution at the end of the experiment. There were
no significant differences in total leaf area, however, sawgrass
leaf area had marginal differences for the drought scenarios
(P =0. 157). The gradual transition to drought had greater
average sawgrass leaf area (473.47 g + SE 105.24) compared to
the intermediate (177.37 g £ SE 105.24) and the rapid
(263.11 g = SE 105.24) drought scenarios. (b) Average dry
weight of aboveground biomass for each drought scenario at
the end of the experiment. There was no significant difference
in the amount of dead biomass between drought simulations.
However, there was a marginal difference in the amount of live
vegetation at the end of the experiment (P = 0.248). The gradual
drought scenario had the greatest predicted least square mean
(42.43 g + SE 10.18), vs. the intermediate (11.29 g + SE 10.18)
and rapid (12.75 g + SE 10.18) drought scenarios.

ecosystem respiration rates (Rec,) and reducing net car-
bon exchange rates (NEE). Over the entire study per-
iod, changes in NEE relative to recovering net CH,
emissions during inundation resulted in changes in the
greenhouse gas (carbon) exchange balance. These
results support our hypothesis that the increased fre-
quency and duration of drought would increase CO,
and decrease CH,; emissions, cause a reduction in
photosynthetic potential due to water stress, and
decrease the carbon storage potential of the ecosystem.
Although not in situ responses to drought, recent stud-
ies that considered the effects of hydrology on CO,
fluxes in Everglades’ freshwater marsh ecosystems

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2511-2523

(Schedlbauer et al., 2010; Jimenez et al., 2012) support
our results. Below, we evaluate the effects of drought
and drought onset on carbon fluxes and determine how
these changes impact the greenhouse carbon balance.

Effects of drought on CO; flux components

CO; flux components are controlled by different biolog-
ical processes, which vary in their response to drought.
Ecosystem carbon uptake is controlled by photo-
synthetic rates whereas ecosystem respiration is the
combination of both autotrophic and heterotrophic
respiration. Changes in GEE relative to changes in Reco
are important for net carbon exchange rates. Although
sawgrass marshes in the Everglades region do not gen-
erally have very high productivity rates, high carbon
storage potential is the result of reduced decomposition
rates under anoxic conditions. We found that in this
wetland ecosystem, droughts increased CO, emissions
through a reduction in carbon uptake relative to ecosys-
tem respiration. In response to drought simulation, we
observed significant changes in NEE, R..,, GEE, and
the greenhouse carbon balance (net CH, : NEE) (Fig. 1;
Fig. 2a—c; Fig. 3), although drought onset rates had no
significant effect. We saw the largest changes in carbon
dynamics in maximum photosynthetic rates and during
periods of inundation. As expected, there was greater
net carbon exchange during the midday measurements
while inundated, when photosynthetic activity was
greatest and water stress was not limiting photosynthe-
sis and respiration. During inundation, the ratio of Reco
to GEE was less than 1 (0.76), indicating that GEE
contributed more to net exchange rates. This result is
supported by other wetland studies that found, when
water was not limited GEE dominated NEE (Alm et al.,
1999; Bubier et al., 2003a, b; Heinsch, 2004; Hao et al.,
2011; Webster et al., 2013). Because photosynthetic CO,
fixation can be limited by leaf water potential, GEE is
impacted by water stress during prolonged drought
(Heinsch, 2004; Rocha & Goulden, 2010; Webster et al.,
2013).

In wetland systems, soil respiration (Ry) dominates
ecosystem respiration rates accounting for up to 75% of
Reco (Law et al., 2002). Our results are consistent with
many other wetland ecosystems that show that Rec
increases as a result of drought (Kramer & Boyer, 1995;
Alm et al., 1999; Morison et al., 2000; Smith et al., 2003;
Heinsch, 2004; Rocha & Goulden, 2010; Webster et al.,
2013). The increase in oxygen availability causes a rise
in heterotrophic respiration rates as the depth of soil
oxygenation deepens and the rate of gas diffusion into
the atmosphere improves (Kramer & Boyer, 1995; Mori-
son et al., 2000; Law et al., 2002; Bubier et al., 2003a, b;
Smith et al., 2003; Heinsch, 2004; Aurela et al., 2007;
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Barr et al., 2010; Schedlbauer ef al., 2010; Jimenez et al.,
2012; Webster et al., 2013). The increase in oxygen avail-
ability and diffusion rates caused Rec, to dominate net
carbon exchange during drought simulation, indicated
by a ratio of Rec, to GEE greater than 1 (1.39). Re, is the
dominant flux component controlling NEE in wetland
ecosystems (Jimenez et al., 2012). These results are sup-
ported by Jimenez et al. (2012), which compared CO,
fluxes between short- and long-hydroperiod marsh
ecosystems in the Everglades and found that during
drought, faster diffusion and higher heterotrophic res-
piration rates increased ecosystem respiration. While
inundated, R.., was reduced due to lower diffusion
rates out of the soil and anoxic conditions; under
drought, limitations on diffusion and oxygen stress are
lifted (Jimenez et al., 2012).

Prior to drought, GEE dominated net exchange rates.
During the first drought simulation, there were no
distinct changes in GEE, but there was an increase in
ecosystem respiration (Fig. 1). Drought-depressed NEE
values are a result of increased R, and not a change in
GEE (Aurela et al.,, 2007). However, after the first
drought simulation, water availability began to limit
photosynthesis, reducing carbon uptake rates and
ecosystem respiration. Other wetland studies have
observed reductions in carbon uptake as a result of
water stress during the dry season and under drought
conditions (Heinsch, 2004; Rocha & Goulden, 2010). The
relationship between carbon flux, experimental period,
and the water index suggests that water stress was
reducing the capacity of this system to acquire carbon.
Under normal conditions, photosynthesis exceeds respi-
ration in plants. When photosynthesis is inhibited but
respiration continues, respiration will proceed as long as
photosynthetic reserves are available in drought intoler-
ant plants. In drought-tolerant plants like sawgrass,
when photosynthesis declines, so do respiration rates
(Kramer & Boyer, 1995). Eventually, dehydration inhib-
its respiration in all plants since water is required for the
hydrolytic reactions associated with respiration. Follow-
ing the first drought when all fluxes were reduced,
water stress likely limited heterotrophic respiration in
the soil as well (Smith et al., 2003). As the second
drought began, both photosynthesis and respiration
rates were impacted and resulted in reduced CO, fluxes
(Fig. 1). Once water began to limit ecosystem productiv-
ity, there was a great reduction in GEE and even during
periods of inundation, exchange rates did not recover.

The greenhouse carbon balance

The greenhouse gas (carbon) exchange balance
remained relatively constant over the study period, yet
spikes (increases in net CH, relative to NEE) were

observed during periods of inundation. During
drought, methane emissions were null. Consequently,
NEE offset net CH, rates. Following drought, inunda-
tion caused an increase in net CH, relative to NEE
resulting in a reduction in the ratio of CHy : CO,. Prior
research in wetland ecosystems has found that methane
fluxes increase with higher soil moisture levels (King
et al., 1990; Bachoon & Jones, 1992; Torn & Chapin,
1993; Smith et al., 2003; Whalen, 2005; Webster et al.,
2013). However, as the depth to oxygenation increases,
soils become a sink for methane (Bachoon & Jones,
1992; Smith et al., 2003). Even during periods of inun-
dation, sawgrass marshes are only a weak source of
methane to the atmosphere (Bachoon & Jones, 1992).

In this ecosystem, methane moves out of the soil
through ebullition. Ebullition is difficult to quantify
due to its stochastic nature (Tokida et al., 2007, Good-
rich et al., 2011), reducing our ability to find a signifi-
cant difference between drought onset rates and the
experimental period. Although no significant difference
was detected between drought scenarios, water avail-
ability does influence methanogenesis and CH, move-
ment out of the soil (Bachoon & Jones, 1992; Torn &
Chapin, 1993; Smith et al., 2003; Whalen, 2005; Good-
rich et al., 2011; Webster et al., 2013). The rapid transi-
tion to drought had the highest average ratio of net
CH, to NEE (0.16), followed by the gradual transition
(0.08), and finally the intermediate (0.03) transition to
drought. Under inundation, CH, production by metha-
nogens persists, and when conditions become aerobic,
both methane oxidation rates and CH, diffusion rates
increase (Smith et al., 2003). Therefore, the swift reduc-
tion in water levels in the rapid drought scenario may
have enhanced CH, diffusion and ebullition out of the
soil while the slow reductions in water levels may have
aided greater CH, production and increased probabili-
ties of methane oxidation. These results indicate that
drought onset rate may actually influence CH, diffu-
sion out of the soil so that rapid changes in water levels
promote CH, emission, whereas more gradual transi-
tions allow for slower diffusion and therefore increased
rates of methane oxidation.

The 100-year greenhouse warming compensation
point for methane is 0.04, indicating that both the rapid
and gradual transition to drought caused the marsh
monoliths to be a source of methane to the atmosphere
over the long term. Overall the average ratio of net CH,
to NEE for the study period was 0.06, showing that
even under extended drought, freshwater marsh
ecosystems can be a source of methane to the atmo-
sphere if inundation periods are sufficient for CH4 pro-
duction. Extended drought conditions also promote
greater CO, release and reductions in CO, uptake,
further reducing the ratio of CH, : CO,.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2511-2523
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Changes in photosynthetic potential

The effect of drought on carbon uptake rates can be
explained by reductions in photosynthetic potential, an
effect of water stress. Although the water content of the
vegetation showed no significant differences between
drought scenarios, the water index was a good indicator
of the onset and persistence of water stress throughout
the study. Water content of the vegetation is important
in determining the response to rehydration follow-
ing inundation (Kramer & Boyer, 1995). The ability to
recover photosynthetic capacity when water is resup-
plied is influenced by the extent and duration of dehy-
dration (Kramer & Boyer, 1995; Lambers et al., 2008). As
a result of dehydration, vascular blockages occur in the
xylem from the cavitation caused by high water tension
(Lambers et al., 2008). More severe dehydration results
in higher tension and more frequent blockages, which
can lead to cell death, further limiting recovery when
water is resupplied (Kramer & Boyer, 1995; Lambers
et al., 2008). Premature leaf senescence is a common
effect of dehydration (Kramer & Boyer, 1995; Lambers
et al., 2008). This may have also influenced the patterns
observed in NDVI. NDVI showed differences between
drought scenarios with the interaction of experimental
period (inundation, manipulation, drought, and pulse
events) suggesting that there were significant changes
in the photosynthetic capacity of the ecosystem in
response to changes in water availability. Photosynthe-
sis can also be inhibited by low cellular water potentials
through changes in solute concentrations (Kramer &
Boyer, 1995; Lambers et al., 2008). Changes in the solute
environment around enzymes often lead to reductions
in photophosphorylation activity (Lambers et al., 2008).

Reflective indices supported patterns observed in
carbon flux components. Net carbon uptake increased
with NDVI and water availability. CH,4 : CO,, which
also increased with water levels, had a significant nega-
tive relationship with NDVI, indicating that although
productivity increased with water availability, CH,4
recovered and produced greater fluxes than NEE could
account for. Previous studies have found significant
relationships between NEE and CH,4 production in wet-
land ecosystems (Whiting & Chanton, 1993; Joabsson &
Christensen, 2001; Mitsch et al., 2012). Normally, greater
productivity relates to higher NDVI and larger methane
emissions. The decline in net carbon uptake as water
was resupplied and increased methanogenesis caused
this negative relationship between CH,: CO, and
NDVI. The correlation between NDVI and net methane
flux indicates that photosynthetic rates may serve as an
indicator of methane flux by integrating environmental
variables important in methanogenesis (Whiting &
Chanton, 1993; Joabsson & Christensen, 2001).

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2511-2523

Although the components of the CO, flux did not
differ significantly by drought scenario, we saw an
effect of drought onset rate on the final biomass. Final
biomass harvesting indicated a reduction in the recov-
ery of monoliths experiencing faster transitions and
longer drought durations. Drought simulation resulted
in dieback in all scenarios, but the amount of sawgrass
that resprouted following the final simulated drought
was greater for the gradual drought scenario than it
was for the intermediate and rapid drought scenarios.
Reductions in sawgrass recovery may have also facili-
tated a community shift in the gradual and rapid transi-
tion to drought where torpedograss rhizomes were
present. Prior to the start of the study, monoliths were
dominated (>90%) by sawgrass. At the end of the
study, torpedograss accounted for 35% of average total
leaf area for the gradual drought scenario. Torpedo-
grass is an invasive species that has taken over 70%
of Florida’s public waters (Center for Aquatic and
Invasive Plants http://plants.ifas.ufl.edu/node/308).
Mechanisms whereby invasive plants suppress other
species include dense rhizomes and roots that leave lit-
tle space for neighbors, strong competition for nutrients
(Perry & Galatowitsch, 2004), tall dense canopies that
intercept light, and faster establishment following dis-
turbance (Zedler & Kercher, 2004; Herr-Turoff, 2005).
The gradual and rapid drought scenario provided con-
ditions that facilitated establishment of torpedograss
following sawgrass dieback. Torpedograss culms origi-
nate from rhizomes, are drought tolerant, and thrive in
well drained to poorly drained soils. The rhizomes are
in the short-hydroperiod marsh ecosystem and pose a
threat of invasion following disturbance.

Global impacts

These results indicate that fluctuations in hydrology
due to climate or water management, an issue of great
concern for wetlands globally, could cause significant
changes in the structure and function of these ecosys-
tems. Hydrology drives the carbon sequestering capac-
ity of wetlands and has resulted in the accumulation of
large belowground pools. This in turn makes wetland
contributions to the global carbon cycle much greater
than their land area would imply. Climate-induced
changes in hydrology could also distort the structure of
these ecosystems by stressing local vegetation and
enhancing conditions for invasive species establishment.
This study demonstrates the complex relationship
between hydrology and carbon cycling and how the
value of wetlands as reservoirs for carbon might dimin-
ish amid changes in climate and water management.
The objective of this experiment was to examine
changes in the greenhouse carbon balance of freshwater
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marsh ecosystems in response to drought simulation.
IPCC (2007) projected climate change for the Ever-
glades predicts that there will be an increased occur-
rence of drought due to changes in precipitation
patterns in the southeastern US. We found that drought
resulted in the system being a net source of carbon to
the atmosphere. The capacity for the system to serve as
a source of CO, was influenced by changes in physio-
logical potential of the vegetation due to water stress
and changes in ecosystem respiration through
enhanced diffusion and higher soil respiration rates.
The CH, source potential was likely influenced by both
CH, production during inundation and changes in dif-
fusion rates out of the soil following rapid modifica-
tions in water levels. We also observed increased
vulnerability to invasive species directly following the
second simulated drought with the invasive species
torpedograss. This study indicates that although
drought occurrence and duration may increase in the
future, land managers can influence the way ecosys-
tems respond to drought by preventing abrupt changes
in water levels, which would prevent greater gas diffu-
sion out of the soil and delay water stress at the onset
of dry periods. The increase in drought frequency and
intensity in the future could potentially turn subtropi-
cal wetland ecosystems into sources of carbon as
ecosystem productivity is reduced by water stress, and
stored carbon in the soil becomes oxic for longer
periods of time.
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