Chapter 2

Greenhouse Gas Fluxes from Restored
Agricultural Wetlands and Natural
Wetlands, Northwestern Indiana
Brianna Richards and Christopher B. Craft

Abstract We measured gas fluxes and production efficiency rates of CO2, CH4,
and N2O from natural and restored freshwater marshes in northwestern Indiana to
evaluate the contribution of restored wetlands to regional greenhouse gas fluxes.
Anaerobic soil incubations were used to determine production efficiencies, and
static flux chamber measurements were used to measure fluxes during the growing
season. Restored wetlands contained less soil organic carbon (1.5 % versus 6.3 %)
than natural wetlands yet emitted comparable greenhouse gases in anaerobic incubations. Production efficiency rates, though, were significantly higher in restored wetlands. Mean growing season fluxes from static flux chamber measurements were
10.1 kg CO2-C ha1 day1, 0.2 g CH4-C ha1 day1, and 0.6 g N2O-N ha1 day1
from natural wetlands and 3.8 kg CO2-C ha1 day1, 0.1 g CH4-C ha1 day1, and
0.4 g N2O-N ha1 day1 from restored wetlands and did not differ among the two
wetland types. We conclude that the ecological benefits gained from restoring wetlands in the glaciated interior plains outweigh the negative impact of their greenhouse
gas contribution.
Keywords Gas flux • Methane • Restored wetlands • Natural marsh

2.1

Introduction

Freshwater wetlands are known sources of carbon dioxide (CO2), methane (CH4),
and nitrous oxide (N2O) (Bartlett and Harriss 1993), but their individual and
cumulative contribution to global warming potential is poorly quantified (Bridgham
et al. 2006). High variability exists in GHG fluxes between and within created and
restored freshwater wetlands (Gleason et al. 2009; Sha et al. 2011), leading to
difficulty in modeling landscape-scale fluxes. This difficulty is compounded by a
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scarcity of data on GHG emissions from restored wetlands (Brinson and Eckles
2011).
We measured GHG (CO2, CH4, and N2O) emissions from four restored wetlands
and four natural wetlands using anaerobic incubations and static flux chambers to
better understand their relative contribution to local and regional fluxes. We
hypothesized that because restored wetlands often contain less soil organic matter
(SOM) than natural wetlands (Bruland and Richardson 2005), they would exhibit
lower fluxes of GHG. Furthermore, many restored wetlands have shorter
hydroperiods and thus more aerobic soil conditions than natural sites (Knutsen
and Euliss 2001) that may lead to lower CH4 fluxes from restored sites.

2.2
2.2.1

Methods
Site Description

Four natural wetlands and four restored wetlands located in Newton County,
northwestern Indiana, were selected for sampling (Fig. 2.1). The natural wetlands
were located in Willow Slough Fish and Wildlife Area, a publicly owned area
maintained by the Indiana Department of Natural Resources (DNR). Willow
Slough, which encompasses 4,030 ha of land that was mostly used for agriculture
in the past, was purchased by the state of Indiana between 1949 and 1951 (IN DNR
2011).
The restored wetlands were embedded in a restored prairie and oak-savanna
landscape and were located in the 3,160 ha Kankakee Sands Efroymson Family
Prairie Restoration owned by The Nature Conservancy (TNC). Prior to restoration,
the land was a lake bed that was drained in the late 1800s for row crop agriculture
(USFWS 1999). In 1999 and 2001, TNC filled in drainage ditches with sediment
and regraded topography to restore wetlands as part of the Wetlands Reserve
Program (C. O’Leary pers. comm.). The restored wetlands have been actively
managed using a variety of methods including prescribed burns, woody and invasive species removal, and reintroduction of native species. Sites are burned approximately every three years. Undesirable plant species, such as Equisetum hyemale
(L.), Populus deltoides, and Salix nigra, are controlled by mechanical removal and
through the application of herbicides through backpack spraying, boom spraying,
and basal bark treatments. Native grasses and forbs are introduced through annual
seeding and plantings.
The natural wetlands are dominated by Calamagrostis canadensis (Michx.),
Boehmeria cylindrica (L.), and Scirpus cyperinus (L.) (Hopple and Craft 2013).
Dominant species in the restored wetlands include Schoenoplectus pungens (Vahl),
Scirpus cyperinus (L.), Leersia oryzoides (L.), and Solidago altissima (L.). The
natural wetland soils are predominantly in the Newton series (sandy, mixed, mesic
typic humaquept) (NRCS 2011). Soils of the restored wetlands are in the Conrad
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Fig. 2.1 Sampling locations of the restored (Kankakee Sands) and natural (Willow Slough)
wetlands. The sites are located in Newton County, IN, and are within the glaciated interior plains
region
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series (mixed, mesic typic psammaquent), which contains much less soil organic
matter than the Newton series (NRCS 2011). All natural and restored wetlands
sampled in this study are classified as depressional wetlands according to the HGM
classification (Brinson 1993) receiving most of their water and nutrients from
precipitation and are approximately 0.5 ha in size.

2.2.2

Greenhouse Gas Production Efficiency: Anaerobic
Incubations

Five soil cores (8.5 cm diameter by 10 cm deep) were collected monthly from each
wetland during the growing season from May 2011 through September 2011. Soils
were transported to the lab on ice where they were homogenized and stored at 4  C.
For incubations, two replicates were prepared from each core for a total of 80 incubations per month. Incubations were conducted in glass bottles equipped with gray
butyl septa. Forty mL of deoxygenated, deionized water were added to 25 g of fieldmoist soil at room temperature to create anaerobic conditions. Samples were then
flushed with N2. Five mL gas samples were withdrawn at intervals of 0.25, 1, 2,
3, and 4 h and injected into evacuated 5 mL glass vials with gray butyl septa. Five
mL of N2 was injected into the incubation bottles to replace the headspace. Gas
samples were stored in the light at room temperature until they were analyzed.

2.2.3

Greenhouse Gas Measurements: Static Flux Chamber

A static flux chamber was used to measure fluxes of CO2, CH4, and N2O from
permanent plots at two restored wetlands and two natural wetlands. Four aluminum
chamber bases (50.8 cm  50.8 cm  3.8 cm in size) were installed in each wetland
prior to the first sampling event and were held in place by 20 cm long spikes driven
into the ground. Chamber bases were placed at randomly selected locations. The
chamber (51 cm  51 cm  121 cm) was made from ¼00 thick clear plexiglass and
was large enough to include vegetation. During sampling, the chamber was shaded
with an opaque tarp to regulate the internal chamber temperature. A small, batteryoperated fan was attached to the inside of the chamber to ensure mixing. Septa were
installed in the plexiglass at heights of 0.3 m and 0.9 m, and gas samples taken from
each height were compared to confirm that the air in the chamber was well mixed.
Gases were sampled monthly from June 2011 to September 2011 between 8 am
and 5 pm, and the order in which wetlands were sampled was varied each month. At
0, 5, 10, 20, and 30 min intervals, 5 mL of gas was withdrawn from the chamber and
injected into evacuated 5 mL glass vials with gray butyl septa. Vials were stored in
the light at room temperature and were analyzed as described below.
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Laboratory Analyses

Gas samples were analyzed using a SRI 8610C gas chromatograph (GC) (SRI
Instruments, Menlo Park, CA). Methane concentrations were determined using a
flame ionization detector, and CO2 concentrations were determined using a flame
ionization detector coupled with a methanizer. Nitrous oxide concentrations were
determined using an electron capture detector. 500 μL of each sample was injected,
and N2 was used as a carrier gas. The GC was calibrated using four standard
concentrations, each for CO2, CH4, and N2O (Scotty Analyzed Gases balanced
with N2, Plumsteadville, PA). A blank and check standard were run after every ten
samples.

2.2.5

Supporting Data

Surface water levels were measured monthly at the chamber base and soil core
locations. Soil cores were collected from the top 10 cm. Soil moisture content and
percent soil moisture of incubation soils (0–10 cm) were determined gravimetrically by weighing 3–5 g of soil at field-moist conditions and then reweighing after
drying to a constant weight at 70  C. Bulk density was calculated by dividing the
weight of the dried core by the volume of the core (Blake and Hartge 1986).
Porosity was calculated by the formula (Flint and Flint 2002):
1: ðBulk Density=Particle DensityÞ
The particle density was assumed to be 2.65 (Singer and Munns 2006). Water-filled
pore space (WFPS) was calculated using soil moisture and porosity data. Total
nitrogen and organic carbon were measured using a Perkin-Elmer CHN Analyzer
(Perkin-Elmer, Waltham, MA). An in-house soil standard (5.85 % C, 0.35 % N) had
average recovery rates for organic carbon and total nitrogen of 96 % and 95 %.

2.2.6

Statistical Analyses

The data were analyzed using a three-way analysis of variance with wetland type,
wetland number, and sampling date as the main effects variables (SAS 1996). The
Kolmogorov-Smirnov and Shapiro-Wilk tests were used to test for normality.
Chamber fluxes were determined from the change in concentration over time and
were analyzed in SAS using repeated measure analysis of variance with wetland
type and sampling date as the main effects variables (SAS 1996). Fluxes were
natural log transformed prior to statistical analysis to achieve normality. Organic
carbon, total nitrogen, bulk density, and WFPS were analyzed with a t-test to test
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for differences between natural and restored wetlands. Pearson correlation test was
used to explore associations between supporting data, incubation emissions, and
chamber fluxes. All tests of significance were performed at α ¼ 0.05

2.3
2.3.1

Results
Greenhouse Gas Measurements: Anaerobic
Incubations

There were no differences in mean GHG emissions of anaerobic incubations from
natural and restored wetland soils, and though differences occurred in some months,
there were no consistent trends (Table 2.1). In June and September, mean CO2
emissions from natural wetland soils (0.5 and 0.4 mg C kg1 h1) were significantly
higher than from restored wetland soils (0.2 and 0.1 mg C kg1 h1). Conversely,
mean CO2 emissions in May and July were significantly higher from restored
wetland soils (1.3 and 0.4 mg C kg1 h1) than from natural wetland soils (0.8
and 0.1 mg C kg1 h1). Nitrous oxide emissions also varied among months.
Emissions in May and September were greater from natural wetland soils (0.7
and 0.2 μg N kg1 h1) than from restored wetland soils (0.1 and
0.02 μg N kg1 h1), whereas in July and August, N2O emissions from restored
wetlands (1.0 and 0.2 μg N kg1 h1) were greater than from natural wetlands (0.1
and 0.1 μg N kg1 h1). Methane emissions did not vary between months, and
natural and restored emissions did not differ in any month.
Restored wetlands had significantly higher GHG production efficiency rates than
natural wetlands (Table 2.2). Carbon dioxide production efficiency rates were higher
in restored wetlands in May, July, August, and September and were not significantly
different in June. Methane production efficiency rates were higher in restored wetlands
in June and August and were not significantly different in May, July, and September.
Nitrous oxide production efficiencies were higher in restored wetlands in July and
August and were not significantly different in May, June, and September.

2.3.2

Greenhouse Gas Measurements: Static Flux Chamber

Similar to the incubations of greenhouse gas production, wetland fluxes measured
with the chamber did not differ between natural and restored wetlands (Fig. 2.2). No
differences in CO2 fluxes were observed between natural and restored wetlands in
any month. Differences in CH4 and N2O fluxes were observed in a few months, but
there were no consistent trends. All fluxes had very high spatial and temporal
variability. Mean CO2 fluxes from natural and restored wetlands were 10.1 kg
CO2-C ha1 day1 and 3.6 kg CO2-C ha1 day1, respectively. CH4 flux means

Type
Restored
Natural
Restored
Natural
Restored
Natural
Restored
Natural
Restored
Natural
Restored
Natural
GA FW forestsa
NC salt marshesb
Created
Natural
0.01–0.03
0.01–0.04

–
–

1

(mg C kg h )
1.27  0.25*
0.79  0.10*
0.18  0.09*
0.47  0.11*
0.40  0.05*
0.11  0.08*
0.33  0.07
0.25  0.12
0.13  0.01*
0.41  0.03*
0.37  0.29
0.39  0.15
0.40–1.1

1

CO2 emission

(μg N kg h )
0.13  0.03*
0.73  0.26*
0.04  0.03
0.09  0.06
1.03  0.84*
0.08  0.03*
0.23  0.03*
0.09  0.01*
0.02  0.01*
0.19  0.01*
0.28  0.19
0.23  0.13
38–400

1

<0.001
<0.001

(μg C kg1 h1)
0.17  0.09
0.09  0.05
0.31  0.18
0.40  0.15
0.07  0.23
0.09  0.17
0.28  0.08
0.21  0.09
0.00  0.00
0.06  0.09
0.17  0.07
0.15  0.08
120–190

CH4 emission

Emissions are reported per kilogram of soil on a dry weight basis. Asterisks represent significant differences ( p < 0.05) between wetland types according to
ANOVA analysis
a
Marton et al. (2012)
b
Cornell et al. (2007)

Mean

Sept

Aug

July

June

Month
May

1

N2O emission

Table 2.1 Mean emissions ( standard errors) during the 2011 growing season of N2O, CO2, and CH4 from restored and natural wetland soil using an
anaerobic incubation laboratory method
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Type
Restored
Natural
Restored
Natural
Restored
Natural
Restored
Natural
Restored
Natural
Restored
Natural
GA tidal
FW forestsa
NC salt marshesb
Natural
Created

CO2 emission
(mg C kg1 h1)
1.01  0.24*
0.14  0.03*
0.18  0.05
0.07  0.03
0.38  0.08*
0.02  0.01*
0.24  0.04*
0.04  0.01*
0.11  0.01*
0.08  0.01*
0.39  0.10*
0.07  0.02*
0.001–0.002

0.701.11
0.813.89

N2O emission
(μg N kg1 h1)
0.13  0.05
0.18  0.07
0.02  0.01
0.01  0.01
0.79  0.28*
0.01  0.01*
0.14  0.05*
0.03  0.01*
0.01  0.06
0.04  0.01
0.23  0.09*
0.06  0.02*
0.53–1.48

–
–

<0.001
<0.001

(μg C kg1 h1)
0.08  0.07
0.02  0.03
0.40  0.16*
0.06  0.04*
0.10  0.17
0.03  0.07
0.27  0.11*
0.05  0.01*
0.00  0.00
0.02  0.02
0.17  0.11*
0.02  0.03*
392–4,076

CH4 emission

Rates are reported in carbon and nitrogen per kilogram of soil organic carbon basis. Asterisks represent significant differences ( p < 0.05) between wetland
types according to ANOVA analysis
a
Marton et al. (2012)
b
Cornell et al. (2007)

Mean

Sept

Aug

July

June

Month
May

Table 2.2 Mean production efficiency rates (standard errors) during the 2011 growing season of N2O, CO2, and CH4 from restored and natural wetland soil
using an anaerobic incubation laboratory method.
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Fig. 2.2 Monthly net
ecosystem fluxes of (a) CO2
(g-CO2-C ha2 day1), (b)
CH4 (g-CH4-C ha2 day1),
and (c) N2O (g-N2ON ha2 day1) from natural
and restored wetlands
sampled from June to
September 2011 using a
static flux chamber.
Different letters represent
significant differences
between wetland types
according to ANOVA
analysis. Fluxes were
natural log transformed
prior to statistical analysis.
Error bars represent the
untransformed standard
error of the mean

from natural and restored wetlands were very low, 0.2 and 0.1 g CH4-C
ha1 day1, respectively. Negative fluxes of CH4 were observed in natural and
restored wetlands in July. Growing season N2O fluxes from natural and restored
wetlands were 0.6 g N2O-N ha1 day1 and 0.4 g N2O-N ha1 day1, respectively.
Restored wetlands had a greater flux than natural wetlands in June.
Carbon dioxide was the largest contributor to global warming potential (in CO2
equivalents) in restored (97.9 %) and natural (98.3 %) wetlands, and CH4 had the
smallest contribution, 0.1 % and 0 % in restored and natural wetlands, respectively

21.2
41.9
49.8
54
54
49
.. . .
50–100

0.97  0.02*
0.44  0.02*
.. . .

.. . .
.. . .
.. . .
.. . .

.. . .

.. . .

.. . .
.. . .
.. . .
7.2

1.5  0.6*
6.3  2.5*
.. . .

(%)

.. . .

.. . .
.. . .
.. . .
.. . .

1.1
2.6
2.9

Total N
Mg ha1

.. . .

.. . .
.. . .
.. . .
0.3

0.12  0.02*
0.58  0.02*
.. . .

(%)

.. . .

65
55
45
.. . .

24.7  0.7*
41.2  1.4*
.. . .

Moisture
(%)

.. . .

.. . .
.. . .
.. . .
.. . .

63.2  0.9*
83.3  0.9*
.. . .

Porosity
(%)

.. . .

.. . .
.. . .
.. . .
.. . .

24.7  1.0*
18.1  1.0*
20–80

WFPS
(%)

Asterisks represent significant differences ( p < 0.05) between wetland types according to ANOVA analysis. Values of mean organic carbon, mean total
nitrogen, and mean water-filled pore space (WFPS) of natural and restored wetlands in northwestern Indiana are compared with other freshwater mineral soil
wetlands
a
Gleason et al. (2009) *Values were used from the grassland wetlands only
b
Phillips and Beeri (2008)
c
Hernandez and Mitsch (2006) *Values were used from the 2005 high marsh study only
d
Badiou et al. (2011)

Restored
Natural
ND restored wetlandsa
ND natural wetlandsb
Deep marsh
Shallow marsh
Wet meadow
OH created wetlandsc
Prairie pothole restored
Wetlandsd

Organic C
Mg ha1

Bulk density
(g cm3)

Table 2.3 Growing season means (standard errors) of water-filled pore space (WFPS), bulk density, percent organic carbon, and percent total nitrogen
(equivalent mass to 15 cm) for restored and natural wetland soils
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(Table 2.3). Nitrous oxide contributed 2.0 % of the global warming potential in
restored wetlands and 1.7 % in natural wetlands.

2.3.3

Supporting Data

Although we observed no differences in GHG emissions between natural and
restored wetlands, soil properties were dramatically different (Table 2.3). Bulk
density in natural wetlands (0.44 g cm3) was half of that measured in restored
wetlands (0.97 g cm3). Soil organic C and total N were four times greater in
natural wetlands (6.33 % C, 0.58 % N) than in restored wetlands (1.45 % C,
0.12 % N). Soil organic C concentrations in the top 10 cm of soil were 21.8 Mg ha1
in restored wetlands and 41.6 Mg ha1 in natural wetlands. Porosity and percent
moisture were also greater in natural wetlands (41 %, 83 %) than in restored
wetlands (25 %, 63 %). Water-filled pore space (WFPS) was significantly higher
in restored wetland soils (25 %) than in natural wetland soils (18 %).

2.4

Discussion

Greenhouse gas emissions and fluxes did not differ between natural and restored
wetlands. Fluxes were comparable with prairie pothole wetlands in North Dakota,
which share similar characteristics such as undergoing periodic burns and existing in a
prairie mosaic. Natural (10.1 kg CO2-C ha1 day1) and restored (3.8 kg CO2-C
ha1 day1) flux chamber measurements of CO2 were comparable to fluxes from deep
marsh (4.5 kg CO2-C ha1 day1), shallow marsh (11.6 kg CO2-C ha1 day1), and
wet meadow (8.6 kg CO2-C ha1 day1) vegetative zones in North Dakota prairie
pothole wetlands (Phillips and Beeri 2008).
Methane fluxes also did not differ between natural and restored wetland soils,
but unlike CO2 emissions, levels were low compared with other studies. Methane
fluxes for natural (0.2 g CH4-C ha1 day1) and restored (0.1 g CH4-C
ha1 day1) wetlands were five orders of magnitude lower than in North Dakota
deep marshes (18,000 g CH4-C ha1 day1), shallow marshes (7,000 g CH4-C
ha1 day1), and wet meadows (3,000 g CH4-C ha1 day1) (Phillips and Beeri
2008). We attribute the low rates of CH4 emissions in our natural and restored
wetland to the predominantly aerobic soil conditions during sampling. Our wetlands dried down in late June and maintained a mean water-filled pore space
(WFPS) of between 15 and 30 % throughout the entire growing season (Fig. 2.3).
Gleason et al. (2009) observed net CH4 consumption in restored grassland wetlands
when WFPS dropped below 40 %. These findings suggest that, during the growing
season, our wetlands did not maintain the anaerobic conditions required for net CH4
production. Furthermore, the prolonged aerobic conditions may have suppressed
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Fig. 2.3 Monthly net ecosystem fluxes of (a) CO2 (g-CO2-C ha2 day1), (b) CH4 (g-CH4-C
ha2 day1), and (c) N2O (g-N2O-N ha2 day1) and (d) monthly water-filled pore space from the
natural and restored wetlands in this study and the restored grassland wetlands in Gleason
et al. (2009). Flux measurements were made during the 2011 growing season using a static flux
chamber. No measurements for natural and restored wetlands were made in May and October.
Error bars represent the untransformed standard error of the mean

the populations of methanogens in the soil (Shannon and White 1994), leading to
low CH4 production rates observed in our anaerobic laboratory incubations.
Similar to CH4, N2O fluxes did not differ between natural and restored wetlands and
were low compared to values reported in the literature. Nitrous oxide fluxes from our
natural and restored wetlands measured using static chambers were one order of
magnitude lower than natural and restored wetlands in North Dakota (Fig. 2.3c).
However, once the WFPS of the restored grassland wetlands measured by Gleason
et al (2009) dropped below 40 %, their mean flux (0.6 g N2O-N ha1 day1) was
comparable to growing season fluxes of our natural wetlands (0.6 g-N2O-N ha1 day1)
and restored wetlands (0.4 g-N2O-N ha1 day1) (Fig. 2.3c, d), suggesting that the
aerobic soil conditions limited net N2O production.

2 Greenhouse Gas Fluxes from Restored Agricultural Wetlands and Natural. . .
Table 2.4 The relative
global warming potential
contributions of CO2, CH4,
and N2O from natural and
restored wetlands compared
with other freshwater mineral
soil wetlands

Restored
Natural
ND restored wetlandsa
ND natural wetlandsb
Deep marsh
Shallow marsh
Wet meadow
OH created wetlandsc
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CO2 (%)

CH4 (%)

N2O (%)

97.9
98.3
90

0.1
0.0
9

2.0
1.7
1

6.0
49.0
83.6
99.8

92.0
48.0
0.4
0.2

2.0
3.0
16.0
<0.1

a
Gleason et al. (2009). Values were used from the grassland
wetlands only
b
Phillips and Beeri (2008)
c
Altor and Mitsch (2008) (CO2 and CH4 values), Hernandez and
Mitsch (2006) (N2O values). Values were used from 2005 only

We observed no correlations between greenhouse gas fluxes and measured soil
properties (organic carbon, total nitrogen, bulk density, and WFPS). This is likely
because hydrology was the main limiting factor. Because the wetlands dried down
so early in the growing season, the soil did not maintain anaerobic conditions ideal
for greenhouse gas production. This led to a low WFPS. Other studies have
observed that maximum N2O emissions occur when WFPS is between 40 % and
60 % (Davidson et al. 2000; Gleason et al. 2009), and maximum CH4 emissions
occur when WFPS approaches 100 % (Gleason et al. 2009). The WFPS of wetland
soils in this study only exceeded 40 % in 3.5 % of the soil samples and never
exceeded 60 %. This suggests that soil saturation is a key limiting factor in N2O and
CH4 production of our restored and natural wetlands.
Our study is among the few that compared greenhouse gas emission (CO2, CH4,
and N2O) between natural and restored freshwater mineral soil wetlands. Our
chamber measurements found no differences in greenhouse gas fluxes between
natural and restored wetlands. This finding is in conflict with Badiou et al. (2011)
and Nahlik and Mitsch (2010). Badiou et al. (2011) found that restored wetlands in
the prairie pothole region of Canada contributed more CH4 and N2O than natural
wetlands. Nahlik and Mitsch (2010) found the opposite trend and observed higher
CH4 fluxes in a natural Ohio wetland than in two nearby created wetlands. All three
studies exhibited high spatial and temporal variability in greenhouse gas emissions,
suggesting that more frequent measurements are needed to constrain the contribution of restored wetlands on a landscape scale.
Of the three GHGs, carbon dioxide contributed the most (98 %) to cumulative
GHG emissions in our natural and restored wetlands (Table 2.4). This trend was
also seen in created wetlands in Ohio (99.8 %) (Nahlik and Mitsch 2010), restored
wetlands in North Dakota (90 %) (Gleason et al 2009), and, to a lesser extent,
shallow marshes (49 %) and wet meadows (84 %) in North Dakota (Phillips and
Beeri 2008). Methane was the lowest contributor to global warming potential in our
natural (0 %) and restored (0.1 %) wetlands and was also the lowest contributor in
the North Dakota wet meadows (0.4 %). Nitrous oxide was the lowest contributor in
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created marshes in Ohio (<0.1 %), restored wetlands in North Dakota (1 %), and
deep (2 %) and shallow (3 %) marshes in North Dakota.
Using our flux data, we estimate that the restored wetlands contributed 0.66 Mg
CO2 equivalents ha1 during the growing season, and natural wetlands contributed
1.9 Mg CO2 equivalents ha1. It should be noted that these values are likely lower
than the true emissions as sampling began after late April, thus missing the
beginning of the growing season.
Previous studies have demonstrated that the restored wetlands used in this study
provide water quality and biodiversity benefits (Hopple and Craft 2013, Marton
et al. 2014), and from our measurements, we conclude that the ecological benefits of
the restored wetlands outweigh potential negative impacts due to GHG emissions.
Because of the high spatial and temporal variability of fluxes observed, additional
GHG measurements are needed to constrain greenhouse emissions of restored
wetlands in the glaciated interior plains and elsewhere.
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