
1.  Introduction
Global climate warming is one of the most serious environmental problems of our time and is mostly driven 
by increasing human-dominated emissions of greenhouse gases (GHGs) into the atmosphere (IPCC, 2013). 
Wetlands play a large role in regulating GHG emissions by storing and processing carbon (C) and nitrogen 
(N) (Beringer et al., 2013; IPCC, 2013; Mitsch & Gosselink, 2007, 2015; Song et al., 2009; Whiting & Chan-
ton, 2001). Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are three key greenhouse gases 
(hereafter GHGs) that contribute to global warming and are associated with wetlands (Forster et al., 2007; 
IPCC, 2013). Wetland ecosystems produce much of the world's CH4 and N2O (Bridgham et al., 2013; Kirschke 
et al., 2013; Saunois et al., 2020; Xu et al., 2008), and also function as either sources or sinks of another GHG 
CO2, as the balance of ecosystem respiration and plant CO2 uptake (Beringer et al., 2013; Lu et al., 2017). 
The magnitude of GHG emissions from wetlands may be affected by climate change and human activities 
that have impacted wetlands in numerous ways, including changes in hydrology, temperature, and elevated 
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inflow of N (IPCC, 2013). Emissions of CH4 and N2O have more severe impacts per unit mass than CO2 
because the SGWPs of equal masses of CH4 and N2O are 45 and 270 times greater, respectively, than the 
contribution of CO2 to global warming over a 100-year time horizon (Neubauer & Megonigal, 2015). We fo-
cus on these three GHGs in the present study, including comparisons of the sustained-flux global warming 
potentials (SGWPs) among the three.

Wetlands, which experience fluctuating water levels and associated alternating aerobic and anaerobic soil 
conditions, may exhibit high variability of GHG emissions. Previous studies have demonstrated that lower-
ing the water table increased CO2 emissions by increasing oxygen availability and accelerating organic mat-
ter decomposition (Blodau et al., 2004; Chimner & Cooper, 2003; Moore & Dalva, 1993; Yang et al., 2013). 
However, lower wetland water levels are also associated with lower net methane production due to either 
lower methanogenesis or greater methane oxidation in aerobic surface layers (Blodau & Moore, 2003; Dins-
more et al., 2009; Moore & Dalva, 1993). Emissions of N2O are similarly affected by shifting aerobic and 
anaerobic conditions. More anaerobic soils can lead to a decrease in the proportion of denitrified N emitted 
as N2O in wetlands because denitrifying microbes more completely reduce N2O to N2 in more anaerobic 
environments (Lohila et al., 2010; Yang et al., 2013).

Water residence time, another hydrologic variable, is an important driver of wetland GHG emissions that 
vary greatly among wetlands. Water residence time is an important component of N cycling because it 
defines how long water, and any solute (e.g., dissolved N), remains in a wetland. If water residence time is 
very short (i.e., water flushing rate is high), N in water flowing into the wetland does not remain long in 
the system but is flushed out quickly. Longer water residence time promotes more denitrification and N 
removal in simulation studies as N accumulates in wetlands (Sharp et al., 2020). In a membrane bioreactor 
experiment, as the hydraulic residence time reduced from 5 to 2.5 days, CH4 and N2O gas production levels 
significantly decreased (Nuansawan et al., 2016).

Nitrogen inflow is another known modulator of wetland GHG emissions, but how important it is and how 
N regulates wetland SGWP is still unclear. Many studies have focused on hydrology and N loading in regard 
to GHG emissions from wetlands, but the effect of their interaction is not well known. Nitrogen inflow 
affects CO2 flux by increasing plant productivity, improving the chemical quality of litter (lower C/N ratio), 
and alleviating N constraints on microbial metabolism (LeBauer & Treseder, 2008). Nitrogen also alters 
CH4 emissions through impacts on microbes and plants because nitrate inhibits methanotrophic activity by 
lowering redox potentials (Le Mer & Roger, 2001; Liu & Greaver, 2009), and affects wetland plant productiv-
ity and plant community composition, which influences CH4 production, oxidation, and transport (Bubier 
et al., 2007). In addition, N inflow increases N2O emissions by supplying more available N as materials for 
nitrifying and denitrifying bacteria (Dalal et al., 2003; Lohila et al., 2010).

Temperature is considered to be a major factor in regulating GHG emissions. An increase of N2O and 
CO2 emissions, but not CH4 emissions were found with increasing temperature in wetlands soils under 
laboratory conditions (Schaufler et al., 2010). However, methanogenesis is more sensitive to temperature 
than respiration and photosynthesis (Inglett et  al.,  2012; Yvon-Durocher et  al.,  2014). Few studies have 
investigated the interaction of temperature, hydrology (Huang et al., 2016), and N availability (Stadmark & 
Leonardson, 2007).

Here, our objective was to investigate the likely ranges and drivers of GHG emissions in coastal wetlands of 
the Great Lakes region, USA (Figure S1), across their realistic ranges of hydrologic, temperature, and N in-
flow regimes (Table S1). Ecosystem models are ideally suited to this type of analysis and can help to synthe-
size our understanding, simulating consistent ranges and combinations of drivers not possible to achieve in 
field studies for such a large-scale region. We used MONDRIAN (Modes Of Nonlinear Dynamics, Resource 
Interactions, And Nutrient cycling), a process-based simulation model of wetland community-ecosystem 
processes (Currie et al., 2014; Martina et al., 2016). Knowing how processes interact in the model (Fig-
ure 1), we expected several key patterns to emerge. First, wetland N inflow should be positively related to 
C sequestration (negative NEE), through higher plant and litter production, when water levels remain high 
enough to maintain flooded litter and detrital pools in the model. Second, lower water levels that expose 
detrital pools to aerobic conditions should decrease C sequestration by increasing decay rates but should 
also decrease CH4 and increase N2O emissions due to aerobic conditions in upper soil. Third, greater water 
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residence time (for a given level of N inflow and assuming water levels maintain flooded conditions) should 
be related to more C sequestration through increased plant N uptake and productivity, but should also pro-
duce more N2O emissions through greater nitrification and denitrification and more CH4 emissions through 
greater C cycling. Finally, we expected the higher simulated temperature to produce less C sequestration in 
the model by increasing detrital decay rates and to produce more N2O and CH4 emissions through greater 
microbial activity. A key strength in using MONDRIAN was the ability to not only simulate the processes 
regulating individual GHG fluxes but also to compare their shifting contributions to SGWP across a range 
of realistic conditions in the Great Lakes region.

2.  Methods
2.1.  Overview of MONDRIAN Model

MONDRIAN is a process-based simulation model of wetlands that operates on a daily time step and spans 
multiple levels of ecological organization, including individual plant physiology, plant population growth 
and decline, plant community shifts through competition, and dynamics in ecosystem biogeochemistry in-
cluding complete C and N cycles (Currie et al., 2014). Recent MONDRIAN versions integrate more detailed 
plant physiology and competition, including clonal branching and light competition (Goldberg et al., 2017; 
Martina et al., 2016). Nitrogen (N) cycling in MONDRIAN was also recently enhanced by adding nitrifica-
tion and denitrification (Sharp et al., 2020). The model has previously been applied in Great Lakes coastal 
wetlands; however, the model processes are general enough that they could be used to study inland wet-
lands and wetlands in other regions.

Plant growth, population dynamics, and community composition shift in response to environmental drivers 
in MONDRIAN, including water level (which can fluctuate daily), water residence time, temperature, and 
N inflows. At the individual level, MONDRIAN simulates C and N uptake within each plant and neighbor-
ing plants compete for soil-available N and light within spatially explicit grid cells, leading to heterogeneous 
N availability. At the population level, plants reproduce clonally by creating daughter ramets using C and 
N reserves from connected parent rhizomes. At the ecosystem level (Figure 1), C and N enter the wetland 
through photosynthetic capture of C and hydrologic inflow of N that is assimilated in living tissue. C and N 
enter the litter pools after seasonal tissue senescence or from plant mortality. Decomposition of litter then 
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Figure 1.  Carbon flows and nitrogen flows interacted in MONDRIAN, including biological and physical processes. The solid line represents C flows while the 
dashed line represents N flows.
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results in the mineralization of organic C and N. Rates of litter decomposition can be significantly slowed 
under low temperature and anaerobic conditions caused by high water level, defined in MONDRIAN as 
any portion of soil below a 5-day trailing average of water level (Reddy & DeLaune, 2008). Thus, flooding 
enhances C and N accretion in detritus while slowing the release of both C and N from detrital pools via 
mineralization. Previous studies using MONDRIAN provide greater detail on C and N cycling in the mod-
el, including controls on decomposition, decomposition feedbacks on N mineralization, plant growth and 
uptake of N, hydrology and anaerobic zonation and their effects on C and N cycling (Currie et al., 2014; 
Martina et al., 2016; Sharp et al., 2020).

For the present study, we enhanced MONDRIAN to include net emissions of GHGs CO2, CH4, and N2O. 
As in previous applications of MONDRIAN, we conducted an ensemble of over 1,000 model simulations 
(described below) of a 52.5 × 52.5 cm2 area consisting of 49 grid cells each 7.5 × 7.5 cm2 in area. This area 
contains thousands of individual plants that reproduce and branch belowground spatially within a torus 
topology (Currie et al., 2014).

2.2.  Net Ecosystem Exchange of CO2

We drew on the existing complete ecosystem C balance in MONDRIAN to calculate the net ecosystem 
exchange (hereafter NEE) of CO2-C as a model result. It is equal to the CO2 emission from heterotrophic 
respiration minus the CO2 sink in net photosynthesis, with a positive NEE defined as net emission and 
negative NEE defined as net C sequestration. The NEE calculation from our model results replicates what 
is measured as NEE of CO2-C in field studies.

2.3.  Methane Flux Simulation Sub-Model

Several process-based models have been developed to estimate CH4 emissions across a range of ecosystems, 
including wetlands. Each has unique methods for dealing with wetland system complexity and CH4 flux 
processes (Cao et al., 1996; Gerten et al., 2004; Oikawa et al., 2017; Riley et al., 2011; Sitch et al., 2003; Tian 
et al., 2010; Zhu et al., 2014). As all of these models did, we involved water level as an essential factor in 
defining anoxic and oxic soil zones where CH4 is produced and oxidized, to modulate methane emissions.

We augmented MONDRIAN to include sophisticated CH4 flux using a modified sub-model from Cao 
et al. (1996), which separately calculated CH4 production and consumption in soil. Existing MONDRIAN 
processes first calculated total heterotrophic C respiration in each soil horizon based on model production 
and inputs of plant detritus together with user-specified detritus decay constants (separate decay constants 
for litter, muck, and mineral soil organic matter) modified by daily temperature and daily aerobic or an-
aerobic conditions in the model. The new sub-model then calculated the daily rate of CH4-C production 
as a proportion, CH4P, of total heterotrophic C respiration (CHR) that undergoes methanogenesis to CH4 
(Equation 1).

  4 HRCH4 C production CH P C (1)

A user-specified parameter (CH4P0) specified the value of CH4P under optimal conditions for methano-
genesis, which was then scaled back on a daily basis for non-optimal temperature and soil water status 
(Equations 2–5).

  4 4 0 WLPCH P CH P Tf f (2)

  
 

0.096 100 WL
WLP 0.383f e (3)
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In other wetland modeling studies, values of the proportion CH4P0 ranged from 0.1 to 0.3 (Riley et al., 2011; 
Wania et al., 2010; Zhu et al., 2014). We tested values of 0.1, 0.15, 0.2, 0.3, 0.4, and 0.47 in MONDRIAN 
during sub-model development using in-field data from five sites in North America (Minnesota, Ontario, 
Alaska, Michigan, and California). When CH4P0 = 0.2, we minimized squared error in testing our results 
against field measurements from the literature. We use CH4P0 = 0.2 in all model runs in this study.

In Equations 2–5, fWLP is a function of water level position (cm), representing an index from 0 to 1 that 
lowers CH4 production based on non-ideal conditions of aerobic related to water level. WL (cm) represents 
water level, which may be above or below the soil horizon. MONDRIAN calculates WL using a trailing aver-
age water level of 5 days to account for the delay in the switch from aerobic to anaerobic conditions (Sharp 
et al., 2020). The effect of temperature (°C) is fT (Equation 4), where WT represents water temperature, 
which is calculated from air temperature (Tair) (Equation 5). An index fT from 0 to 1 lowers CH4 production 
based on water temperature with a maximum value of 1 at 30°C and a value of 0.12 at 0°C (Cao et al., 1996; 
Dunfield et al., 1993). If water temperature is 0 or below, CH4 production is halted in the model by setting fT 
to 0. Coefficients in equations came from Cao et al. (1996) and were calibrated into MONDRIAN.

MONDRIAN did not explicitly simulate fine-scale processes of CH4 transport by diffusion, ebullition, and 
transport through plant tissues, which were implicitly included in the model scaling parameters for CH4 
production and oxidation. Oxidation of methane before emission from the wetland is accounted for as 
shown in Equation 6:

     4 4 4Emission of CH C CH C production 1 CH Ox (6)

In MONDRIAN, we used a value of CH4Ox  =  0.43 when muck is aerobic (Roslev & King,  1996) and 
CH4Ox = 0 under anaerobic, inundated conditions (Equation 6). These oxidation rates (CH4Ox) of CH4 
were user-defined inputs in MONDRIAN and could be changed by a model user to reflect conditions differ-
ent from those in the current study.

2.4.  N2O Flux Simulation Sub-Model

Denitrification produces two species of gaseous N: N2O and N2. N2O is a GHG with high radiative forcing 
while N2 is inert. In wetlands, oxygen availability is an important factor in regulating N2O production. 
Aerobic conditions enable nitrification (the production of NO3

−), the primary reactant for N2O production. 
Nitrate (NO3

−) either flowing into a wetland or produced through nitrification then requires anaerobic 
conditions to be converted to N2O. Oxygen availability also controls the N2O-N yield (N2O-N/(N2O-N + N2-
N)) in denitrification N flux (Tiedje, 1988); hereafter N2O yield. In MONDRIAN, total denitrification was 
calculated by NO3

− availability, rate of heterotrophic CO2 production, and anaerobic zone proportion (Sharp 
et al., 2020). For the present study, we augmented the existing sub-model of total denitrification to further 
calculate N2O yield. We used water level and flooding days to represent oxygen ability and set N2O yield to 
be 50% on the first day of flooding, 8% between 2 and 4 days of flooding, and 1% after 4 days of flooding 
(see justification below). We use daily water levels to represent aerobic and anaerobic conditions in the N2O 
sub-model. All detrital pools (or proportions thereof), including above-and belowground litter, muck, and 
mineral soil organic matter (MSOM) pools lying below the level of the 5-day trailing average in water level 
are considered anaerobic.

N2O yield is typically described in the literature as decreasing with increasing soil water content (Colbourn 
& Dowdell, 1984; Davidson, 1992; Rudaz et al., 1999), particularly when the soil water content exceeds 75% 
water-filled pore space (Davidson, 1992; Weier et al., 1993). High ratios of N2O yield have also been observed 
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in the field and lab experiments on the first day of flooding events, relative to subsequent days because 
the transition from aerobic to anaerobic conditions increased the formation of N2O (Ciarlo et  al.,  2007; 
Hansen et al., 2014; Lewicka-Szczebak et al., 2015). Experiments with 15N isotopes showed that N2O yield 
decreased from 50% to below 5% after 4-day flooding (Hansen et al., 2014; Lewicka-Szczebak et al., 2015). 
Mean N2O yield of 8.2% was measured in freshwater wetlands and flooded soils (Schlesinger, 2009), and 
mean N2O yield of 0.9% in streams and rivers (Beaulieu et al., 2011). Average N2O yield in soils under natu-
ral recovering vegetation is 49.2% (Schlesinger, 2009).

2.5.  Model Parameterization and Simulations

In this study, we conducted sets of contrasting simulation model runs (one model run is a single 40-year 
simulation), that included 480 unique combinations of model drivers and parameters (six levels of water 
level scenarios, Figure S2; five levels of N inflow, four levels of water residence time, and four levels of 
temperature; Table S1). Each combination was replicated three times with stochastic differences both in 
initial plant distributions and spatial patterns of clonal reproduction and branching. In all model runs, our 
key dependent variables stabilized by 30–40 years, while continuing to show small fluctuation; thus for all 
analyses, the average of the last 5 years (years 36–40) of each model run was used.

We selected six water level scenarios to represent possible water levels found in coastal wetlands in Michi-
gan (Figures S1 and S2). The six hydrologic regimes were as follows: (a) always anaerobic (constant water 
level 0.1 m above the MSOM surface); (b) always aerobic (water level constant at 0.1 m below the MSOM 
surface); (c) always aerobic (water level constant at 0.02 m below the MSOM); (d) sinusoidal fluctuation in 
the water level of −0.1 to 0.26 m about the MSOM surface with an annual hydroperiod (highest in July and 
lowest in January; NOAA Tides and Currents, 2020); (e) sinusoidal fluctuation in the water level of −0.1 to 
0.26 m about the MSOM surface with an annual period together with a smaller, 5-day fluctuation superim-
posed; and (f) sinusoidal fluctuation in the water level of −0.26 to 0.1 m about the MSOM surface with an 
annual period together with a smaller, 5-day fluctuation superimposed.

We included five nitrogen inflow levels in this study (Table S1): 1, 5, 10, 15, and 20 g N m−2 yr−1. Earlier 
modeling results (Martina et al., 2016) showed that Phragmites invasions, which dramatically change the 
ecosystem, failed at N inflow <4 g N m−2 yr−1 and a threshold for highly successful invasion usually oc-
curred between 12 and 18 g N m−2 yr−1. Our choices of N inflow levels span across the range of this thresh-
old area, resulting in both successful and unsuccessful invasion.

There are few measurements of water residence time in Great Lakes coastal wetlands. Sierszen et al. (2012) 
used isotopes to measure the water residence time in coastal wetlands and found it to range from 0.16 to 
46 days across their study sites. We estimated a wide range based on the variety of coastal wetlands in the 
region (Sharp et al., 2020), including 1, 10, 30, and 100 days (Table S1).

We set four annual-average temperature levels (10.2, 11.5, 13.5, and 14.5°C; Table S1) and allowed season-
al temperatures to vary around the specified annual average. 10.2°C was the average annual temperature 
in 1951 (GLISA, 2020) and 11.5°C represented the current temperature. Values of 13.5 and 14.5°C were 
estimated annual average temperatures in the Great Lakes by midcentury under low and high emissions 
scenarios (Hayhoe et al., 2010).

Climate change and warming are predicted to lengthen growing seasons in many parts of the world, in-
cluding the Great Lakes region. Furthermore, temperature increases affect the growing season start and 
end dates unequally, resulting in the growing season start in the spring advancing by more days than the 
growing season end date is delayed in the fall (Linderholm, 2006). With 1°C increase in temperature the 
average annual growing season has advanced by 4–10.8 days in spring and has been extended by 1–7 days in 
autumn (Chmielewski & Rötzer, 2001; Ibáñez et al., 2010; Menzel & Fabian, 1999; Song et al., 2010; Wolfe 
et al., 2005; Zhou et al., 2001). Therefore, we represented growing season length in our simulations as a 
function of temperature. We set plant growing season changes for all four plant species in MONDRIAN 
with 7 days advance in spring and 4 days delay in autumn for each 1°C temperature increase.

Parameterized species used in this study included three native species (Eleocharis palustris, Juncus balticus, 
and Schoenoplectus acutus) and one invasive species (Phragmites australis) commonly occurring in Great 
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Lakes coastal wetlands (MONDRIAN has the potential to simulate five plant species; Figure 1). Native spe-
cies were randomly distributed in the modeling area and given 14 years to become well established, while 
invasive (Phragmites) plants were introduced at random locations in year 15. While we do not expressly ad-
dress plant invasion in the present study, previous work with MONDRIAN has shown that this produces a 
realistic range of plant communities over a range of N inflow levels (Currie et al., 2014; Martina et al., 2016; 
Sharp et al., 2020).

2.6.  Calculation of SGWP and Statistical Analysis

SGWP is an advanced metric used to compare sustaining emissions of GHGs from ecosystems by standard-
izing their radiative effects in the atmosphere over a specific time horizon. Compared with the more widely 
used metric global warming potential (GWP), SGWP treats GHG emission as a persistent event instead of 
a one-time pulse, which is more realistic for the ecosystem fluxes (Neubauer & Megonigal, 2015). Here, 
we use SGWP20 and SGWP100 to denote 20-year and 100-year time horizons, respectively. SGWP is defined 
as the cumulative radiative forcing of each gas over the time period of interest divided by the cumulative 
radiative forcing of CO2 over the same period, indicating how many kilograms of CO2 must be sequestered 
to offset the emission of 1 kg of CH4 and N2O (Neubauer & Megonigal, 2015). Thus, SGWP values are re-
ported as kg CO2 equivalents (kg CO2-eq). SGWP conversions for methane (CH4) are 96 for SGWP20 and 45 
for SGWP100; for N2O the values are 250 for SGWP20 and 270 for SGWP100 (Neubauer & Megonigal, 2015). 
For results reported here, in addition to SGWP conversions to CO2-eq, the fractions (44 g CO2/12 g C), (16 g 
CH4/12 g C), and (44 g N2O/28 g N) were also used to convert from fluxes on a C or N mass basis in MON-
DRIAN model output (g CO2-C m−2 yr−1, g CH4-C m−2 yr−1, and g N2O-N m−2 yr−1) to the compound masses 
of the gases used in SGWP conversions. In addition, results reported here were converted to represent the 
net emission of each gas over 1 ha of wetland over one simulated year, thus reported as kg CO2-eq ha−1 yr−1. 
Our results include the SGWP20 and SGWP100 of each of the three GHGs considered individually as well as 
the net SGWP20 and SGWP100 (summed SGWP of CH4, N2O, and NEE of CO2). We used ANOVA (factorial 
ANOVA, one-way ANOVA, Welch's ANOVA, depended on variances) and post hoc test (Tukey-HSD and 
Games-Howell) to assess differences in gas fluxes by water level scenario, water residence time, N inflow, 
and temperature using R version 3.6.3 (R Core Team, 2020). We checked the assumption of normality for 
each test but in some cases, the assumption was not meet. In these cases, we used a nonparametric aligned 
rank transform procedure which does not assume normality and got the consistent test results, meaning the 
parametric tests were robust to violations of the assumption of normality. For clarity, we present only the 
original parametric test results for these cases.

3.  Results
We found the emission of CH4, N2O and net sequestration of C (negative NEE) increased with increasing 
water residence time and N inflow, primarily driven by increased plant productivity and N uptake, which 
in turn increased ecosystem C and N stocks. Our simulation results for the net SGWP20 and SGWP100 were 
dominated by the SGWP of CH4. The SGWP of NEE was negative under most circumstances, meaning 
wetlands were net sinks of carbon in our simulations as wetland plants fix atmospheric CO2 by photosyn-
thesis and plant detrital pools accrete under inundated soil conditions. In our results, the SGWP of N2O 
was negligible; although N2O has high radiative forcing, the amount of N2O emitted from wetlands in our 
simulations was very small. The net SGWP depended largely on how much the SGWP of CH4 was offset by 
negative SGWP of NEE (CO2). Water level scenarios also influenced GHG exchanges by modulating condi-
tions between aerobic and anaerobic states. Generally, higher temperature promoted higher SGWP but due 
to the modest range of temperature increases we simulated, reflecting increases expected by the midcentury 
in this region, temperature effects were smaller than other drivers.

3.1.  CH4 Emission

CH4 emissions ranged from near 0 to 73 g C m−2 yr−1 in our results. Teasing apart the main controls on CH4 
emissions in our results was challenging because there were many significant main effects and significant 
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interactions among drivers (p < 0.01). However, among model runs, CH4 emission increased the greatest 
and most consistent with increasing levels of N inflow and with longer water residence time (Figure 2).

Net primary productivity (NPP), a measure of ecosystem organic C, the primary substrate for methanogen-
esis and heterotrophic respiration, increased with increasing N inflow and water residence time as pools 
of available N were larger (reflected in plant uptake) thus facilitating increased plant growth (Figure 3). 
Higher N inflows provided more nitrogen in the ecosystem and under longer water residence time nitrogen 
could stay in the ecosystem longer instead of being flushed out, promoting more N uptake by plants. This 
was positively related to CH4 production because greater NPP resulted in more litter production, which led 
to the accretion of detrital pools and higher levels of heterotrophic respiration. In MONDRIAN, CH4 pro-
duction is a function of heterotrophic respiration (Equations 1–6).

When controlling for N inflow, water residence time, and temperature, water level (WL) scenario (Fig-
ure S2) also had an important impact on the rates of CH4 emission (Figure 2a). Notably, when water levels 
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Figure 2.  MONDRIAN model results for CH4 emissions under current regional climate conditions (11.5°C annual 
mean temperature) as functions of water residence time (a) and wetland N inflow (b) in our simulations. Different 
lines refer to six different WL (water level) scenarios with constant (A–C) and seasonally fluctuating (D–F) water 
level. Asterisks (*) on legend indicate smaller 5-day fluctuations in water level superimposed on season fluctuations 
(Figure S2). Model results in panel (a) used an intermediate rate of N inflow of 10 g N m−2 yr−1; model results in panel 
(b) used a low-intermediate water residence time of 10 days. Note that lines (D) and (E) are overlapping in both panels. 
Error bars represent standard errors among three replicate model runs; note that some error bars are within the size of 
the symbols and thus too small to be visible.

Figure 3.  MONDRIAN model results for N uptake by plants (a) and NPP (b) as a function of wetland N inflow under 
scenarios under current regional climate conditions (11.5°C annual mean temperature) and water level scenario D 
(Figure S2). Different lines refer to different values of water residence time (days). Error bars represent standard errors 
among three replicate model runs; note that some error bars are within the size of the symbols and thus too small to be 
visible.
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were constantly below zero (WL scenarios B and C) CH4 emissions were lowest (0.313–26.9 g C m−2 yr−1) 
and were significantly lower than other WL scenarios (p < 0.01). WL scenarios that had flooded periods, 
whether constant flooding at 0.1  m (WL scenario A) or seasonally fluctuating around the high level at 
0.08 m (WL scenarios D and E) had the highest CH4 emissions, but the three flooded WL scenarios (A, D, 
and E) were not significantly different from one another (p = 0.99). Fluctuation around an average low wa-
ter level (WL scenario F, −0.08 m) with fewer days of the year flooded (132 days) had lower CH4 emissions 
than fluctuating WL scenarios with high average water level (WL scenario D and E; 0.08 m) and more days 
of the years flooded (237 days; p < 0.01). Surprisingly, wetlands with a constant water level above the soil 
surface (0.1 m; WL scenario A) emitted less CH4 than wetlands with fluctuating water around a positive 
mean (WL scenarios D and E) despite being flooded longer.

Although higher temperature stimulated higher CH4 emissions, compared with N inflows and water res-
idence time, the effects of our modest temperature changes (10.2–14.5°C) on CH4 emissions were small. 
Only when temperature differences greater than 2°C were simulated values of CH4 emissions significantly 
different (p < 0.01).

3.2.  Net Ecosystem Exchange of CO2

Similar to CH4, NEE was strongly controlled by nitrogen inflow and water residence time (Figure 4). Be-
cause rates of photosynthesis and respiration largely determine rates of NEE, this component of SGWP 
is highly integrated with nitrogen availability. Under low nitrogen inflow (5 g N m−2 yr−1 or less) and low 
water residence time (10 days or less), negative NEE values (negative indicating net C sequestration) were 
relatively small in all simulations (ranging ca 16 to −60 g C m−2 yr−1). But under high nitrogen inflow (20 g 
N m−2 yr−1) and long water residence time (100 days), negative NEE values were relatively large, ranging 
from ca −150 to −270 g C m−2 yr−1. When controlling for water residence time and temperature, greater 
levels of N inflow contributed to greater sequestration of C (negative NEE) in all WL scenarios (Figure 4).

Water level scenarios had a much smaller effect on NEE with longer flooding (WL scenarios A, D, and E) 
generally having more negative NEE by promoting more wetland C storage (Figure 4). Yearlong constant 
flooding (water scenario A) had more C storage than flooding for more than half a year (WL scenario D and 
E). WL scenarios D and E had more C storage than flooding for less days (WL scenario F) and water level 
scenarios with no flooding (B and C). Five-day fluctuation had little effect on NEE: NEE in WL scenario 
D and E were very similar because 5-day fluctuation did not change the total flooding days in 1 year. At 
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Figure 4.  Net ecosystem exchange (NEE) of CO2 as a function of wetland water residence time (a) and N inflow 
(b) under current regional climate conditions (11.5°C annual mean temperature). Negative values of NEE indicate a 
wetland sink of CO2. Different lines refer to six different WL (water level) scenarios with constant (A–C) or seasonally 
fluctuating (D–F) water level (Figure S2). Asterisks on legend indicate smaller 5-day fluctuations superimposed on 
seasonally fluctuating water levels. Model results in panel (a) used an intermediate rate of N inflow of 10 g N m−2 yr−1; 
model results in panel (b) used a low-intermediate water residence time of 10 days. Error bars represent standard errors 
among three replicate model runs; note that some error bars are within the size of the symbols and thus too small to be 
visible.
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short to intermediate water residence time (1 day p < 10−12, 10 days p < 0.001, 30 days p < 0.01), the NEE 
difference between water level scenarios was significant but not under the longest water residence time 
(100 days; p = 0.34).

Temperature differences had minor overall effects on NEE in our simulations. Higher temperatures sim-
ulated greater negative values of NEE, but the difference only became significant when the difference of 
temperature was greater than 2°C. Under the same N inflow, water residence time and WL scenario, the 
differences of NEE between 10.2 and 14.5°C were small, ranging from −16.6 to 68.8 g C m−2 yr−1 (median 
11.1 g C m−2 yr−1), compared with the overall range.

3.3.  N2O Emission

N2O emissions increased with higher nitrogen inflows by increasing available N for denitrification and with 
longer water residence time by lowering wetland N export and increasing wetland N pools. However, unlike 
CH4 emissions and NEE, 5-day fluctuations promoted more N2O emissions. Additionally, N2O had much 
lower emission rates (0–0.375 g N m−2 yr−1) compared to CH4 (0.313–73 g C m−2 yr−1) and NEE (−270 to 
16 g C m−2 yr−1). In all water level scenarios, there were no N2O emissions when water residence time was 
low (1 day) and N inflow was low (1 g N m−2 yr−1). Under low nitrogen inflow level, as water residence time 
increased, N2O emissions increased slowly (0–0.08 g N m−2 yr−1 from residence time of 1–100 days) while 
at high nitrogen inflow levels, N2O emissions increased rapidly from 0 to 0.15 g N m−2 yr1 (data not shown). 
Greater levels of N inflow magnified the denitrification effects of longer water residence time.

Under the conditions of sufficient N inflow (≥10 g N m−2 yr−1) and long enough residence time (100 days), 
the two fluctuating WL scenarios that included 5-day fluctuations (WL scenarios E and F) produced the 
greatest N2O emissions. Fluctuation provided wetlands with more frequent transitions from aerobic to an-
aerobic conditions, which increased the N2O yield from denitrification. Although 5-day fluctuations affect-
ed N2O emission from denitrification compared to WL scenarios without 5-day fluctuations, this difference 
did not affect total N removed via denitrification (N2 + N2O). Despite different fluctuation patterns, water 
level scenarios D and E had very similar denitrification, nitrification, N uptake, and N retention, which also 
explained why WL scenario E did not show greater CH4 emissions and higher negative value of NEE com-
pared with WL scenario D. At constant −0.1 m water level (WL scenario B), there was zero N2O emission 
because −0.1 m was below the “active zone” for denitrification that we set in MONDRIAN as a model pa-
rameter. Finally, N2O emissions increased modestly with temperature but it was not significant (p = 0.26).

3.4.  Sustained-Flux Global Warming Potential

In our simulations, SGWP of each GHG was controlled by the same drivers that controlled fluxes of each of 
the GHGs. For net SGWP (summed across the three GHGs), water residence time, N inflows, and water lev-
el (WL) scenarios were the most important drivers just as they were for the various GHGs that comprise the 
net SGWP. High N inflow and longer water residence time produced larger values of negative NEE but also 
greater CH4 emissions. The SGWP of CH4 emission consistently outweighed the negative SGWP of NEE, 
resulting in higher values of net SGWP20 under higher N inflows and longer water residence times (data not 
shown). For the 100-year time horizon, this held true of all of the inundated water level scenarios (WL A, 
D, E, and F; Figure 5). However, in the low water level scenarios (WL B and C), net SGWP100 decreased with 
high N inflow and long water residence time because the negative NEE effect outweighed the positive CH4 
emission (Figure 5); the SGWP of per unit CH4 was much lower for the 100-year time horizon compared 
with the 20-year time horizon.

Across all model results, CH4 was consistently the largest contributor for SGWP20 (data not shown), NEE 
was the second-largest contributor, with negative SGWP. Although the SGWP for per unit mass of N2O was 
highest among the three gases, its contribution to net SGWP was small compared with the other two gases 
because the amount of emitted N2O was very small (shown in Figure 6 for SGWP100). At the 100-year time 
horizon, across all N inflows, water residence times, and temperatures, CH4 was the greatest contributor 
for SGWP in flooded water scenarios (A, D, E, and F), NEE was the second and N2O was the least (e.g., 
Figure 6). In water scenario B (constant −0.1 m water level) where CH4 emissions were smaller, NEE had 
a larger contribution and offset the SGWP of CH4 and N2O under high nitrogen inflows and long water 
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residence time: in water scenario B, under water residence time 100 days, temperature 10.2°C and N inflow 
of 15 g N m−2 yr−1, temperature 11.5°C and N inflow of 20 g N m−2 yr−1, negative NEE counteracted SGWP 
of CH4 and N2O and made the net SGWP negative (−120 and −24 kg CO2-eq ha−1 yr−1). In water scenario C, 
NEE had similar contributions with CH4 under long water residence time and high N inflow. Although the 
negative SGWP of NEE was still less than the positive SGWP of CH4 and failed to counteract its influence, 
net SGWP in WL scenario C was much smaller than other scenarios.

Similar to its component gases, net SGWP was also affected by WL sce-
narios. Flooding water level scenarios (WL scenarios A, and E, fluctuated 
from −0.1 to 0.26 m) had the highest net SGWP. Water scenarios B and 
C (constant negative water level) were significantly lower than others af-
ter controlling water residence time, nitrogen inflow, and temperature. 
Generally, net SGWP increased with temperature, but the effect size of 
temperature on net SGWP was small.

Scaling up our results, the net SGWP20 of a 1-ha wetland ranged from 
879 to 86,000 (kg CO2-eq ha−1 yr−1). The smallest value appeared in wa-
ter level scenario C, when temperature was 10.2°C, water residence time 
was 1 day, and nitrogen inflow was 1 g N m−2 yr−1. The highest SGWP20 
appeared in water scenario E, when temperature was 13.5  °C, water 
residence time was 100 days and nitrogen inflow was 20 g N m−2 yr−1. 
SGWP100 of 1-ha wetland ranged from −120 to 36,800 kg CO2-eq ha−1 yr−1. 
The smallest number appeared in water level scenario B, when tempera-
ture was 10.2°C, water residence time was 100 days, and nitrogen inflow 
was 15 g N m−2 yr−1, producing C sequestration and negative NEE but 
without significant CH4 emissions. The highest SGWP100 appeared in wa-
ter scenario E (more realistic flooding and water level fluctuation), when 
temperature was 14.5°C, water residence time was 100 days, and nitrogen 
inflow was 20 g N m−2 yr−1. The high plant productivity and litter produc-
tion (Figure 3) produced large accumulations of detritus, which together 
with flooded conditions drove high CH4 emissions.
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Figure 5.  Model results for net global warming potential (SGWP) of three greenhouse gases as CO2 equivalents (kg 
CO2-eq ha−1 yr−1) in the 100-year time horizon as functions of water residence time (a) and N inflow (b) under current 
regional climate conditions (11.5°C annual mean temperature). Different lines refer to six different WL (water level) 
scenarios with constant (A–C) or seasonally fluctuating (D–F) water level (Figure S2). Asterisks on legend indicate 
smaller 5-day fluctuations superimposed on seasonally fluctuating water levels. Model results in panel (a) used an 
intermediate rate of N inflow of 10 g N m−2 yr−1; model results in panel (b) used a low-intermediate water residence 
time of 10 days. Error bars represent standard errors among three replicate model runs; note that some error bars are 
within the size of the symbols and thus too small to be visible.

Figure 6.  MONDRIAN model results for sustained-flux global warming 
potential (SGWP) of each GHG in the 100-year time horizon (SGWP100) as 
functions of N inflow under current regional climate conditions (11.5°C 
annual mean temperature), water residence time 10 days and WL scenario 
D. Error bars represent standard errors among three replicate model runs; 
note that some error bars are within the size of the symbols and thus too 
small to be visible. NEE = net ecosystem exchange of CO2; NET = net 
SGWP from three gases shown.



Journal of Geophysical Research: Biogeosciences

4.  Discussion
In our simulations, Great Lakes coastal wetlands functioned as net sinks for CO2 but net sources for CH4 
and N2O. The net sustained-flux global warming potential (summed SGWP of CH4, NEE, and N2O) on 20-
year and 100-year time horizons was always positive.

4.1.  Comparison With Measured Data

CH4 emission rates from wetlands measured in empirical studies have ranged from −11.4  to 13,870 g C 
m−2 yr−1 in different wetland types (Table 1). Our results, from near 0 to 73 g C m−2 yr−1, fell within this 
range. Similarly, most of our simulated values of NEE fell within field-observed values. NEE in our results 
ranged from small positive values (representing emission of CO2), up to 16 g C m−2 yr−1, to much larger 
negative values (representing a net ecosystem sink for CO2), up to ca −270 g C m−2 y−1. Values observed 
in empirical studies have ranged from −30 to −2,200 g C m−2 yr−1 (Table 1). There was a small amount of 
estimated positive NEEs in our results that were out of the range of those empirical studies, which occurred 
with low water levels (including low constant water level scenarios B, C, and low seasonal fluctuated water 
level scenario F) and under low N inflow and low water residence time. This should be viewed as an outlier 
result that arose from using a wide range of model drivers in factorial combinations. We included low water 
level scenarios that allowed us to capture the full range of water levels coastal wetlands may experience, 
particularly as Great Lakes water levels fluctuate on interannual and decadal time scales. Under a below-ze-
ro water level, detrital pools that had accumulated under previously flooded conditions (represented by 
standardized initial conditions) would be out of equilibrium under low levels of NPP and would thus show 
net CO2 emission from heterotrophic decomposition. The small positive NEE is not realistic for Great Lakes 
coastal wetlands over the long term, but it could potentially occur in the medium-term (years) in a wetland 
undergoing terrestrialization, where new conditions of NPP and litter production are not high enough to 
offset elevated decomposition in previously accumulated detrital pools. This is consistent with previous 
findings that wetlands can be both sources and sinks of carbon, depending on their age, operation, and the 
environmental boundary conditions such as location and climate (Kayranli et al., 2010).

Emissions of N2O in our simulations ranged from 0 to 0.375 g N m−2 yr−1. In field measurements in wetlands 
from the literature, estimated N2O emissions ranged from 0.013 g N m−2 yr−1 to very high levels of 365 g 
N m−2 yr−1 (Table 1). However, values in the literature above 0.28 g N m−2 yr−1 occurred in constructed 
wetlands (Table 1), making our modeling results in good agreement with the range of N2O observed in 
non-constructed wetlands across a range of studies.

In general, our simulated wetlands were large sinks of CO2, small sources of N2O, and modest sources 
of CH4. These broad findings are consistent with previous studies on wetlands GHG emissions (Beringer 
et al., 2013; McNicol et al., 2017; Tan et al., 2020; Wang et al., 2016). But in contrast with some previous stud-
ies in which CO2 was the dominant gas contributing to overall GWP (Beringer et al., 2013; Krauss & Whit-
beck, 2012; Tan et al., 2020), CH4 was the main contributor to net SGWP in our study. This is partly caused 
by the different conversion metrics of GWP used in studies, but some results are still in contrary even using 
the same conversion metric (Beringer et al., 2013; Tan et al., 2020). In empirical studies, the amount of CH4 
emitted from wetlands has been shown to predominantly relate to water level, temperature, and carbon 
availability (Christensen et al., 2003; Moore et al., 1998; O'Connor et al., 2010). In simulation, we set 0.2 
as the value of CH4P0 (Equation 2) and assumed 43% of methane is oxidized before being emitted to the 
atmosphere when passing upward through aerobic surface soil (muck) in the model (Equation 6). The final 
CH4 emitted (after CH4 oxidation), as a percentage of heterotrophic respiration in our results ranged from 
1% to 10% depending on WL scenarios (data not shown). In the MONDRIAN model, these could be adjusted 
according to environmental conditions through the value of the user parameters CH4P0 and CH4Ox (Equa-
tion 2). CH4 emission varies by wetland types and seasons but is positively correlated with net ecosystem 
production (NEP), with around 3% of NEP ultimately emitted as CH4 at peak production period (Le Mer & 
Roger, 2001; Whiting & Chanton, 1993). Assume at the optimal condition, the left 97% NEP all comes to C 
sequestration, with CO2-eq conversions 96 for SGWP20 and 45 for SGWP100, the contribution of CH4 to net 
SGWP is always greater than CO2 (96*0.03 > 1*0.97 for SGWP20 and 45*0.03 > 1*0.97 for SGWP100).
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Land use, land cover, vegetation, nutrients, humidity, water table, salinity, soil pH, and temperature are 
considered to influence the GHG emissions (Al-Haj & Fulweiler, 2020; Oertel et al., 2016; Tan et al., 2020). 
The net SGWP of GHGs also varies by climate, wetland types, vegetation, and nutrients. Most field meas-
urements only focused on one wetlands class and in one season yet exhibited the large range of calculated 
GWPs. In field studies of open-water wetlands with high ecosystem respiration, GWP of NEE did not offset 
GWP of CH4 emission, producing an overall positive radiative forcing effect of 35,000 ± 3,000 kg CO2-eq 
ha−1 yr−1 (McNicol et al., 2017) in 100-year time horizon, similar to the highest value in our results (Figure 6). 
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Site Time CH4 g C m−2 yr−1 Methods References

Sub-arctic mire, Sweden June 16–September 1 1.31–237 Closed chamber technique Ström and 
Christensen (2007)

Constructed wetland, Estonia, 
Finland, Norway, and Poland

Summer and winter season, 
2001–2003

−11.7 to 13,900 Dark chamber Søvik et al. (2006)

Freshwater marsh, China November–March 1.58–4.38 Single column sampling-separation 
system equipped with flame 

ionization detector

Zhang et al. (2005)

Coastal saline wetlands, China September 2012 to August 
2013

−3.23 to 43.4 Closed static chamber Xu et al. (2014)

Restored wetlands, Skjern 
Meadows, Denmark

2009–2011 8.25–12.8 Eddy Covariance Technique Herbst et al. (2013)

Peatland, Minnesota, United 
States

2009–2011 11.8–24.9 Eddy Covariance Technique Olson et al. (2013)

Current study 0.313–73

Site Time NEE g C m−2 yr−1 Methods References

Peatland, Minnesota, United 
States

2009–2011 −21 to −39.5 Eddy covariance technique Olson et al. (2013)

Restored wetlands, Skjern 
Meadows, Denmark

2009–2011 −195 to −983 Eddy covariance technique Herbst et al. (2013)

Cattail marsh, Canada May 9, 2005 to May 30, 2006 −264 Eddy covariance technique Bonneville et al. (2008)

Sedge fen, Finland 2004–2005 −55.5 Eddy covariance technique Aurela et al. (2007)

Sub-arctic mire, Sweden June 16–September 1 −2,390 to −2,990 Closed chamber technique Ström and Christensen (2007)

Bogs and mires, Finland −15 to −35 Estimated C accumulation from 
dry mass of peat

Turunen et al. (2002)

Current study −271 to 16

Site Time
N2O g N m−2 

yr−1 Methods References

Constructed wetland, Netherlands April–September 2009 0.32–1.21 Estimated denitrification with 
nitrogen budget

de Klein and van 
der Werf (2014)

Natural wetlands, Sanjiang Plain, China Early May to late September 
(2002–2005)

0.11 to 0.28 Static dark chamber and gas 
chromatography techniques

Song et al. (2009)

Freshwater marsh, Sanjiang plain, China July 7–September 27, 2005 0.071 Gas chromatograph (Agilent 4890) Yang et al. (2013)

Peatland, Ontario, Canada 2005 0.013 Data not report Bubier et al. (2007)

Restored emergent freshwater marsh, 
California, United States

February 20, 2014 to February 20, 
2015

0.062 Permanently deployed chambers McNicol 
et al. (2017)

Constructed wetlands, Estonia, Finland, 
Norway, and Poland

Summer and winter season, 
2001–2003

−0.77 to 365 Dark chamber Søvik et al. (2006)

Current study 0–0.375

Note. Negative values of NEE indicate a wetland C sink.

Table 1 
CH4 Emissions, Net Ecosystem Exchange (NEE) (as CO2), and N2O Emissions in Wetlands
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However, in natural wetlands with low water levels and low nitrogen loadings, negative SGWP of NEE off-
set the SGWP of CH4 and N2O, resulting in a negative net GWP (Beringer et al., 2013; Tan et al., 2020).

4.2.  Drivers of Greenhouse Gas Emissions

4.2.1.  N Inflow and Water Residence Time

Our results showed N inflow, water residence time and WL (water level) scenarios had significant effects 
on CH4 emissions, sequestration of C (negative NEE), N2O emissions, and net SGWP over both 20-year and 
100-year time horizons. Previous studies have found that greater soil N content generally leads to higher soil 
respiration and to higher NEE, if carbon in detrital pools is not limiting (Niu et al., 2010; Peng et al., 2011). 
In coastal vegetation ecosystems, anthropogenic nitrogen loading is expected to increase CH4 emissions (Al-
Haj & Fulweiler, 2020). In MONDRIAN, higher levels of N inflow increased plant available N and longer 
water residence time decreased the flushing rate of N from the wetland downstream allowing greater wet-
land N retention (Sharp et al., 2020). Greater N stocks promoted greater plant NPP and greater sequestration 
of C (negative NEE; Martina et al., 2016). This stored organic C in detritus then provided the substrate for 
CH4 production and emission. A benefit of modeling exercises like ours is that the precise mechanisms that 
gave rise to the model results can be clearly identified.

It was widely considered that N deposition would reduce SGWP owing to increased net CO2 uptake (Wang 
et al., 2017). However, our study indicated that although high N inflow increased the sequestration of C, 
CH4 emissions also increased with increasing net SGWP. Negative SGWP of NEE was unable to offset the N 
stimulated SGWP of CH4 and N2O emissions of all water scenarios in 20 years. In the 100-year time horizon, 
net SGWP in WL scenarios B and C (low constant water levels) decreased with high N inflow and water 
residence time. Negative SGWP of NEE offset the N stimulated SGWP of CH4 and N2O in this WL B. As Liu 
and Greaver (2009) showed, different ecosystems had different GHG responses with increasing N, such that 
N increased the GHG sink strength for forest ecosystems but agricultural ecosystems were sources for GHG 
emissions under intensive N application, with differences between forests and agricultural fields possibly 
being caused by different hydrology and nitrogen inputs.

4.2.2.  Water Level Scenario

Our model results on constant water level scenarios are consistent with previous findings that high-water 
table increases CH4 emissions (Blodau & Moore, 2003; MacDonald et al., 1998; Moore & Dalva, 1993; Yang 
et al., 2013). Water level scenarios constantly below zero (WL scenarios B and C) had lower CH4 emissions 
than WL scenario A (constant above ground water level) because the aerobic soil condition decreased CH4 
production and increased oxidation. Five-day water level fluctuations in WL scenario E had limited effects 
on CH4 emissions, relative to WL scenario D that omitted the 5-day fluctuation, because there was no differ-
ence in the annual number of flooded days and trailing average water level.

Water level scenarios also influenced NEE but to a lesser degree. We believe this is because in the lowest 
WL scenario (B, −0.1 m constant) plants become more productive due to the fast turnover of N, yet CO2 
mineralizes quickly. Although low water level encourages CO2 emission, faster CO2 uptake offset emissions, 
resulting in little difference in NEE between water level scenarios.

Because of the large reduction of CH4 emissions caused by low water level, above-ground WL scenarios 
(including constant and seasonal fluctuating) had much higher net SGWP than below ground WL scenarios 
in 20 and 100 years. In a field experiment in Tibetan wetlands, lowering the water table 0.2 m reduced GWP 
from 337.3 to −480.1 g CO2-eq m−2, mostly because of decreased CH4 emissions (Wang et al., 2017).

4.2.3.  Temperature

Higher soil temperature leads to increased microbial metabolism, higher soil respiration rates, and greater 
emissions. Lu et al. (2017) found CO2 was mainly regulated by annual temperature. CH4 and N2O fluxes also 
display strong and asynchronous seasonal dynamics (McNicol et al., 2017).

All of the GHG emissions we simulated are sensitive to temperature in MONDRIAN. However, we found 
that temperature differences and the associated differences in growing season length were less important 
than hydrology and nitrogen inflows in controlling GHG emissions. Temperature effects were small for all 
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three GHGs and net SGWP. In our simulations, the realistic range of temperature scenarios that we used 
had a much smaller impact on GHG emissions than the realistic, more widely ranging values of other 
drivers. As outlined above, our higher temperature scenarios did include longer plant growing seasons, 
allowing greater NPP and litter production. However, our simulations did not include a higher maximum 
net growth rate for plants. We believe this was the most parsimonious assumption given uncertainties about 
gross photosynthesis versus plant respiration together with uncertainties in complex, species-specific inter-
actions between moisture and temperature effects on plant growth (Fang & Moncrieff, 2001).

4.3.  Strength and Shortcoming of a Modeling Approach

Similar to most ecosystem models, MONDRIAN model gas fluxes driven by the biological process of plants 
and microorganisms, along with physical processes controlled by environment conditions (Figure 1; Grant 
et al., 2010; Riley et al., 2011; Wania et al., 2010). However, there are only a few ecosystem models that 
simultaneously model three GHGs; most ecosystem models only focus on CH4 and CO2 or N2O. We used 
MONDRIAN to simulate three GHGs under variable environmental conditions, which helps to illustrate 
the linkage and interaction between plant ecology, hydrology, N cycling, and C cycling.

In contrast with field measurements and other ecosystem models that only look at one or two environment 
factors or GHGs at one time, MONDRIAN has the strength to perform large factorial sets of runs to inves-
tigate the role of multiple environmental factors on the emission of three GHGs. This provided us enough 
data to explore which interactions among drivers and environmental conditions may be the most important 
in determining GHG emissions and net SGWP.

At the same time, because the strength of a model like MONDRIAN is that it integrates multiple processes 
and drivers in a full community-ecosystem model, a limitation is that it does not model individual bioge-
ochemical processes with as much detail as some other models that have a different focus (Li et al., 2000; 
Riley et al., 2011). We did not include some environmental conditions such as pH and Eh into sub-models 
for GHG emissions because of the variability in the literature on how pH and Eh influence GHG emissions. 
This may increase uncertainty in our estimates of GHG emissions: CH4 and N2O are known to be sensitive 
to pH and Eh (Weslien et al., 2009), which may influence net SGWP. Eh and pH can vary among wetlands 
likely causing spatial heterogeneity of GHG emissions and SGWP.

Methane transport from anoxic sediments to the atmosphere occurs by three main pathways: diffusion, 
ebullition, and plant vasculature. These three pathways differentially influence the rate of CH4 emissions 
(Chanton, 2005; McNicol et al., 2017). In MONDRIAN, we did not explicitly simulate fine-scale processes 
of gas transport by diffusion, ebullition, and transport through plant tissues. However, in some other cur-
rent models that simulate CH4 in greater detail these pathways are considered (Riley et al., 2011; Wania 
et al., 2010; Zhu et al., 2014). We made the gross assumption that 43% (Roslev & King, 1996) of CH4 pro-
duction was oxidized before emission, without specifying details of CH4 transport processes or how those 
processes might shift with water level, plant species, or other factors. This assumption may introduce un-
certainties to our estimated net SGWP. However, even though direct plant effects (e.g., transport through 
plant vasculature) are not in MONDRIAN explicitly, they are included implicitly because we compared 
our modeled methane net emissions against studies of emissions that did included the influence of plants 
(Table 1). In MONDRIAN, plants have indirect effects on methane emissions by influencing the quantity 
and quality of organic matter available for biogeochemical processes in detritus (decomposition, methano-
genesis, and denitrification).

Nitrate and denitrification products NO and N2O can lower redox potentials (Le Mer & Roger, 2001; Liu 
& Greaver, 2009) and inhibit CH4 production, depending on the type of methanogenic bacterium present 
and the concentration of each N-compound (Klüber & Conrad, 1998). Although MONDRIAN links C cy-
cling and N cycling, the competition between methanogenesis and denitrification is currently omitted in 
the model. We assumed that denitrification and methanogenesis can happen simultaneously, which could 
overestimate CH4 emissions under conditions where nitrate is readily available. Future model enhance-
ments could address this interaction and could also include the process of N-mediated anaerobic oxidation 
of CH4 as a potentially important N and methane interaction. However, as described above, our modeled 
emission rates for CH4 and N2O are within the range of field obtained rates. This suggests that the model 
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simplifications in MONDRIAN allow simulation of net GHG fluxes in the correct range obtained in field 
studies, although the differential fluxes under different drivers and their interactions need further study 
both in models and in field studies.

Future research could include model enhancements to provide increased process-level detail or new field 
studies to test and further explore the interactions identified here. Increased process-level details could 
include the potential effects of plant species changes in mediating net CH4 emissions, indicating different 
pathways of CH4 and oxygen movement through wetlands in the controls over oxygen diffusion, depletion, 
and the time scale of fluctuations between aerobic and anaerobic conditions in detrital pools in different 
vertical layers as wetland water level rises and falls. Greater details on net N2O production through nitrifica-
tion could be modeled, including N2O production through nitrification. Although in our study, temperature 
differences played a relatively minor role on GHG emissions, improved field studies of temperature sensitiv-
ity and heterogeneity would help to test this model result. Finally, field studies addressing the interaction of 
N inflows, water residence time, and net GHG emissions at appropriately large scales (meters to hundreds 
of meters in the field) are needed to test the complex interactions revealed by our modeling study.

5.  Conclusion
In our simulations, Great Lakes coastal wetlands exhibited net sinks for CO2 but net sources for CH4 and 
N2O and had positive net SGWP under most conditions, which suggests Great Lakes coastal wetlands could 
be sources of global warming under the realistic ranges of conditions and drivers we analyzed. Among 
the three GHGs we studied, CH4 made the dominant contribution to net SGWP in our results and thus 
deserves more attention in future research. Water residence time, N inflow, and water level scenarios were 
most essential to three GHGs and net SGWP because they controlled N uptake by plants and plant pro-
ductivity, which determined the amount of C that accumulated in detrital pools, leading to heterotrophic 
respiration that including CH4 production. Greater N uptake related to positive ecosystem C storage but 
at the same time, provided more substrate for CH4 production. Thus, the balance between CH4 emission 
and C sequestration was shown to be a key SGWP tradeoff in wetlands we simulated. Temperature was the 
least important driver in our results, due in part to the limited temperature range we studied. However, our 
understanding of how temperature influenced GHG emissions involves simplifications and contains un-
certainty. Field measurements and experiments under wide ranges of conditions and drivers are needed to 
provide the empirical basis for improving future integrative process models to represent these interactions 
with greater confidence.

Data Availability Statement
The MONDRIAN model (V4.3) source code is available through an open-source license, together with de-
fault versions of all input files and a detailed user guide at this website: http://williamcurrie.net/down-
loads/. A data set containing all of the input files, drivers, model results, and metadata from the analysis 
report here is freely available open-access through the University of Michigan Deep Blue permanent repos-
itory, DOI: https://doi.org/10.7302/2d96-ad40.
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