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Although wetlands make up a small percentage of total land area in the United States, they store a disproportionate
amount of carbon largely due to their unique hydrology. Wetlands of the Midwest and Eastern regions are comprised
of both mineral soil wetlands and organic soil wetlands (peatlands) and store a significant proportion of all wetland
carbon in the contiguous United States. Here, a basic summary of how carbon is stored and moves through these
wetlands, and how climate change and management may interact with site conditions to alter wetland carbon
cycling, is provided.

Where is Carbon Stored in Wetland Ecosystems?

The amount of carbon stored in a wetland is a function of both

the rate at which carbon is captured and secured in the ecosystem
(carbon sequestration) and how long the carbon persists in the
system. Like upland ecosystems, carbon is stored in different pools
in wetlands. Live aboveground plant carbon and live belowground
plant carbon refer to the amount of carbon stored in plant biomass
aboveground and belowground, respectively, including macrophytes
and algae. Given that plant biomass is approximately 50% carbon,
biomass can be used as a proxy to estimate plant carbon. Once a
plant dies, plant carbon is transferred to particulate organic carbon
or dissolved organic carbon pools. These detrital carbon pools exist
in both the water column and make up part of the soil carbon pool.

Carbon Storage

The amount of carbon that is retained in
a carbon pool within the wetland.

Carbon Sequestration

The process of removing carbon from
the atmosphere through photosynthesis,
resulting in the maintenance and growth

The relative sizes of wetland carbon pools vary considerably. of plants

Compared to upland ecosystems, wetlands tend to store a greater

percentage of total ecosystem carbon in soils due to both smaller

plant carbon pools (particularly for non-forested wetlands) and larger soil carbon pools. The ratio between live
aboveground versus belowground plant carbon is much more variable in wetlands compared to uplands systems,
with some wetlands storing more plant carbon aboveground and others more belowground (Reddy et al. 2023). Soil
carbon pools are larger in organic versus mineral soils. Compared to other regions of the continental United States,
wetlands in the Eastern and Midwest region have the largest soil carbon pools due to the large quantities of carbon
stored in deep soils (Nahik and Fennessy 2016).

! Taxa-specific estimates of carbon concentrations, rather than a rough 50% approximation, should be used in any rigorous carbon
quantification effort.
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How Does Carbon Cycle Through Wetland Ecosystems?

Carbon sequestration is the balance of how much new carbon enters a wetland versus how much carbon is lost via
gaseous emissions (largely from organic matter decomposition) or leaching.? In upland ecosystems, climate broadly
dictates plant productivity and therefore the rate of new carbon inputs. In contrast, soil properties and hydrology are
much stronger controls on wetland productivity (Schlesinger and Bernhardt 2020).

Rates of primary productivity are broadly similar between upland and wetland ecosystems, but organic matter
decomposition is much slower in wetlands, leading to faster accumulation of soil carbon (Fig. 1). The unique
hydrology of wetlands not only slows overall decomposition but also alters decomposition pathways and products.
In upland ecosystems, organic matter decomposition is largely aerobic (i.e., carried out in the presence of oxygen)
and produces carbon dioxide. However, higher water tables in wetlands create conditions with low or no oxygen,
which drive anaerobic (i.e., carried out in the absence of oxygen) decomposition. One common product of anaerobic
decomposition is methane,® a more potent greenhouse gas compared to carbon dioxide.* Methane can also be
consumed by certain microbes.® Therefore, net carbon emissions from wetlands are largely driven by the ratio of
carbon dioxide to methane production (dictated by oxygen concentrations and therefore hydrology) and the relative
production versus consumption of methane (Fig.2).

Differences in hydrology between peatlands and mineral wetlands result in peatlands storing vastly more carbon in
soils compared to mineral wetlands. Peatlands generally have high and stable water tables throughout the growing
season, leading to sustained anaerobic conditions and slow decomposition. By contrast, mineral wetlands can dry out
during part of the growing season, enhancing aerobic decomposition and increasing carbon losses.

Uplands Mineral Wetlands Peatlands

Soil Carbon

Water Table

Figure 1—Illustrated comparison of soil carbon depth in uplands, mineral wetlands, and peatlands.

2 Leaching is the process by which soluble compounds move downward into lower soil horizons or are carried away by water.

3 The production of methane is termed methanogenesis. Methane can also be produced aerobically, although much of this aerobic
methanogenesis may occur in microsites of high oxygen in otherwise waterlogged soils. Aerobic methanogenesis is an active area of scientific
research. Regardless, high methane emissions from wetlands are largely driven by the low oxygen conditions characteristic of wetlands.

4 Nitrous oxide is another common product of anaerobic decomposition in wetlands. Nitrous oxide is also a potent greenhouse gas and
important to consider with respect to wetland effects on climate mitigation. Here, we maintain a focus on the carbon cycle.

® The consumption of methane by certain microbes is termed methanotrophy.
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Figure 2—Illustration of the carbon cycle in non-forested wetlands.

Site Factor Effects on Wetland Carbon Storage

The conditions that dictate the type (carbon dioxide versus methane) and rate of carbon emissions from wetlands
change rapidly over space and time. As a result, wetland carbon cycling is highly variable and challenging to accurately
quantify both within and across sites. Within one wetland, carbon emissions can vary by orders of magnitude both
seasonally and across space at a given point in time. Spatially, soil carbon storage and sequestration is generally
highest in the inner wetland and decreases towards the wetland edge and upland (Tangen and Bansal 2020). Land
managers can consider the following site characteristics to better understand wetland carbon cycling at a site.

« Although variable, fens generally emit more methane than
other wetland types (e.g., bogs) (Turetsky et al. 2014).

+ Vegetation is an important control on wetland carbon Carbon Dioxide and Methane
cycling, but it is not possible to provide general predictions
based on vegetation type. Still, grasses and sedges often Carbon dioxide and methane are both
enhance methane emissions given their capacity to greenhouse gases. Carbon dioxide is the
transport methane from deep low-oxygen zones, through most abundant greenhouse gas in the
specialized plant tissues called aerenchyma, and into atmosphere and can persist there for
the atmosphere (Zhang et al. 2002, Turetsky et al. 2014). thousands of years. Methane is the second
Through this process, methane gases bypass oxygen-rich most abundant greenhouse gas in the
zones where methane would otherwise be converted to atmosphere and on average persists for
carbon dioxide. about 12 years. However, methane has 28
« Plant tissue chemistry affects decomposition. Plant inputs times the warming potential compared to
that have lower lignin: cellulose ratios (i.e., higher ‘quality’ carbon dioxide over a 100-year period.

inputs) seem to result in greater methane production as
well as faster overall decomposition (Duval and Radu 2018).

+ Sites with high sulfate concentrations tend to have low methane emissions because sulfate suppresses
methane production.

+ Peatlands, and to a lesser degree fine-textured mineral soil wetlands, store the greatest amount of carbon due to
their combined high capacity to store carbon and low rates of decomposition.
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Climate Change Effects on Wetland Carbon

Wetlands are considered more sensitive to climate change than many upland ecosystems. Unfortunately, the
direction (source vs. sink) and magnitude of climate change effects on wetland carbon cycling at a given site remains
challenging to predict. Peatlands and fine-textured soils will generally experience the greatest absolute changes in
carbon storage under climate change due to their high carbon storage (Tangen and Bansal 2020).

Wetland carbon cycling responses to climate change reflect the combination of direct effects of changes in
temperature and precipitation along with indirect effects on the plant and soil microbial community. In general,
warmer and wetter conditions favor methane over carbon dioxide production and are thus expected to stimulate
the greatest increases in wetland carbon emissions. Drier conditions, predicted across much of the Midwest and
Northeast, may dampen the effects of warming temperatures. When water table levels drop, oxygen availability (and
therefore decomposition) increases. Although this can stimulate short-term increases in methane emissions (Knox
et al. 2021), if water table levels remain low, methane emissions should decrease while carbon dioxide emissions
increase. Altered hydrology may also indirectly affect wetland carbon cycling. Extreme precipitation events are
expected to continue to increase with climate change, which will increase erosion and nutrient runoff in upland
systems. This could increase external carbon inputs and wetland fertility, particularly for wetlands lower in the
watershed.

Increases in fertility, particularly in formerly low-nutrient wetlands, will favor non-native, fast-growing invasive
species. Invasive species may increase primary productivity (i.e., carbon sequestration) and plant-derived carbon
storage over the short-term but could also increase methane emissions. For example, dominance of the non-

native and invasive cattail, Typha x glauca, has been related to higher methane emissions. More generally, plant
productivity and methane emissions are positively related (Tangen et al. 2015). However, the relationship between
plant productivity and overall wetland carbon storage is less predictable given the many factors that influence organic
matter decomposition.

Changes in the plant community can affect organic matter decomposition through changes in the quantity and
chemistry of organic matter inputs and effects on the microbial decomposer community. For example, carbon cycling
in Sphagnum moss-dominated bogs may be particularly vulnerable to changes in plant species: bogs tend to have
low methane emissions, which may be due to the unique effects of Sphagnum on organic matter decomposition
(Bridgham et al. 2013). While predicting how plant community changes will affect wetland carbon is difficult, reduced
native plant diversity increases wetland climate vulnerability and may result in carbon losses over longer time scales.

Management Effects on Wetland Carbon

Currently, North American wetlands are a carbon dioxide sink (sequestering more carbon dioxide than is released)

but a source of methane to the atmosphere (Kolka et al. 2018). Although wetland methane production is a significant
source of greenhouse gas emissions globally, wetland drainage increases overall emissions due to rapid losses of large
soil carbon reservoirs. Given that large stores of soil carbon are protected from decomposition in wetlands, wetland
drainage and conversion to other land uses presents the biggest threat to large and rapid greenhouse gas emissions
from wetlands. Upon draining, large amounts of soil organic matter will be rapidly decomposed, releasing carbon into
the atmosphere. In particular, peatland conversion to agriculture can result in large carbon losses and greenhouse gas
emissions. Converting peatlands to agricultural land typically involves intensive drainage using tiles and fertilization,
which stimulates high carbon dioxide and nitrous oxide (a greenhouse gas more potent than carbon gases) emissions,
and resulting ditches can also be hot spots for methane emissions.

More moderate changes in wetland hydrology also affect wetland carbon cycling, albeit to a lesser extent versus land
use change. Increasing connectivity of wetlands could buffer wetlands from short-term fluctuations in water table
levels (which tends to stimulate carbon emissions) and may increase total inner wetland area (where carbon storage
and sequestration tends to be highest).
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Management of invasive plant species also affects long-term wetland carbon cycling, depending on plant species
identity, the specific management action, and interacting site factors. Research on Typha x glauca suggests that
harvesting and crushing treatments commonly create floating mats of live and dead biomass; while floating mats
provide some benefits, they can also contribute to methane emissions (Johnson et al. 2021). Prescribed fires can

be used for invasive species management in wetlands. Soil carbon losses from prescribed fire are often minimal in
mineral wetlands, but significant soil carbon can be lost with fire in peatlands where fires can burn unabated for years.
Overall, how invasive plant species management influences wetland carbon cycling warrants further research.
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