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ABSTRACT

Wetland ecosystems are significant carbon sinks. Their high productivity and
presence of water gives them the ability to efficiently sequester carbon in the soil,
serving as a potential tool to mitigate the net greenhouse effect of carbon emissions
to the atmosphere and abate climate change. We explored the efficiency of
freshwater wetlands sequestering carbon under different climates, wetland types,
and vegetation communities, in order to assess the conditions that favor carbon
accumulation. We also studied the ability of created freshwater wetlands to
sequester carbon and the effect of their vegetation communities on this task.

We found significant differences on carbon sequestration between wetland
types in temperate and tropical regions, being consistently higher in the studied
forested wetlands (260 *+ 58 gC m y-1) than the riverine ones (113 + 27 g€C m=2 y1),
indicating the importance of wetland productivity and the type of organic matter
entering the system. Our temperate wetlands were also consistently more efficient
in sequestering carbon than similar tropical ones (233 + 89 and 151 + 57 gC m2 y-1,
respectively), suggesting that higher temperatures in tropical climates may hinder
carbon sequestration by intensifying organic matter decomposition rates. Within

the tropical climates, we found that the tropical humid wetland sites had
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significantly higher carbon sequestration rates (306 + 77 gC m? y'1) than those
located in the tropical dry regions, were there is a marked wet and dry season (63 *
10 gC m2 y-1 on average).

Our comparison between vegetation communities show that wetland
productivity and permanent anaerobic conditions are key in enhancing soil carbon
sequestration, being 214 * 54 gC m*2 y'! in the open water sites (with prolonged
anaerobic conditions) and 184 * 72 gC m? y1! in the edges (typically more
productive due to their fluctuating water levels). In the tropics, where temperature
might to be a limiting factor for carbon sequestration in wetland soils, the presence
of water seems to be of critical importance to enhance carbon sequestration rate
and thus carbon sequestration rates were highest in the tropical permanently
flooded wetland sites (306 * 77 gC m? y1). In temperate regions, where
temperature is unlikely to limit carbon sequestration in wetland soils, permanent
anaerobic conditions seem to be the most favorable condition for carbon
accumulation. However, when organic matter inputs are high or recalcitrant, their
role in favoring soil carbon sequestration is as important or more than the
permanent presence of water (carbon sequestration rates in the temperate forested
sites were, on average, 317 * 93 gC m*? y'1, while in the permanently flooded
riverine ones were 160 g€C m2 y-! in the natural wetland and 267 + 21 gC m2 y1 in
the created ones).

In the temperate created riverine wetlands carbon sequestration was
strongly correlated with aboveground productivity. These two similar created

wetlands in central Ohio differed only in their initial planting (one was planted and
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the other one was colonized naturally), but otherwise have had the same hydrologic
features and nutrient loadings. After 15 years, the originally planted wetland had
lower carbon sequestration rate (219 * 15 gC m2 y-1) than the naturally colonized
one (267 * 17 gC m=2 y1), which had also higher aboveground net primary
productivity. Soil carbon sequestration had no correlation with the nitrogen
concentrations in the water, suggesting that nutrient rich waters do not necessarily
favor carbon accumulation in the soil directly, even though they enhance biomass
productivity and thus soil carbon inputs. On average, these temperate created
wetlands sequestered 243 * 24 gC m2 y-1 after 15 years since creation, 26 % more
than the rate after 10 years (190 + 7 gC m2 y1) and 55 % more than the similar
natural wetland in the same region (140 * 16 gC m2 y-1), implying that once created
wetlands are fully functional and structured they can successfully sequester carbon,

especially in their early years.
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CHAPTER 1

INTRODUCTION

Wetland ecosystems are characterized by the presence of standing water
during at least part of the year. This allows the development of specialized soils (i.e.,
hydric soils) and vegetation (i.e., hydrophytes) adapted to the presence of water and
to the saturation of the soil (Mitsch and Gosselink 2007; Reddy and DeLaune 2008).
The slow flow of water in the wetland allows the deposition of sediments suspended
in the water column and of the organic matter that is produced within the wetland
or brought in by inflowing. Wetland water levels usually fluctuate, creating different
zones in the wetland according to the frequency of inundation, going from the
permanently flooded and deeper site to the shallower area and to the edge, where
the soil is exposed more frequently due to this “pulsing hydrology” (Mitsch and
Gosselink 2007). This gradient allows different vegetation communities to develop
(Boutin and Keddy 1993). Wetlands are known to be very productive ecosystems,
due to their pulsing hydrology and their often nutrient rich waters (Odum et al.

1995; Cronk and Fennessy 2001; Mitsch and Gosselink 2007); consequently they



introduce large amounts of organic matter into their soil. This soil organic matter
accumulates in different decompositions stages for long periods of time because the
saturation of the soil creates anoxic conditions that retard organic matter
decomposition (Collins and Kuehl 2001; Mitsch and Gosselink 2007; Reddy and
DeLaune 2008). When the organic matter is decomposed under anaerobic
conditions it produces methane, a carbon-based gas that can be released back to the
atmosphere or oxidized to carbon dioxide (which eventually reaches the
atmosphere as well). The wetland carbon cycle has been extensively studied (Collins
and Kuehl 2001; Mitsch and Gosselink 2007; Reddy and DeLaune 2008) and it is
shown in detail in Figure 1.1. Slow decomposition rates and large organic matter
accumulation makes wetlands soils significant sinks of carbon, at a rate that
depends on the environmental (e.g., climate) and hydrogeomorphic (e.g., hydrology

and setting in the landscape) features of the wetland.

1.1. Research goals and objectives

The goal of this dissertation is to investigate the ability of natural and created
freshwater wetlands to sequester carbon under different climates and
hydrogeomorphic settings, as well as the conditions within the wetlands that could
affect their soil carbon sequestration capacity. The specific objectives of this

research are as follows:

(1) Evaluate the efficiency in sequestering carbon of six different wetland
communities in Ohio (temperate humid climate) that belong to two distinct

hydrogeomorphic types (isolated depressional connected to the



groundwater table, and riverine flow-through that receives water from an
agricultural watershed), by estimating their carbon sequestration rates with
radiometric dating (Chapter 2).

Rationale - Riverine wetlands can accumulate more carbon in the soil
than other wetland types because the nutrient rich waters entering the
wetland from the river enhance wetland productivity (Cronk and Fennessy
2001), potentially increasing the inputs of carbon to the soil. On the other
hand, isolated wetlands allow the establishment of trees, whose plant debris
are more recalcitrant than those from emergent wetland species and
therefore harder to decompose (Collins and Kuehl 2001), potentially
remaining longer in the soil.

(2) Explore differences in carbon sequestration rates, determined by
radiometric dating, of twelve wetland communities from four tropical
wetlands that are located in two distinct climatic regions: two in the humid
tropic (Eastern Costa Rica) and two in the seasonal dry tropic (Western
Costa Rica and Northern Botswana), to find the hydrogeomorphic settings
and/or wetland features that could favor carbon accumulation in tropical
wetland soils (Chapter 3).

Rationale - Tropical humid ecosystems are known to be among the
most productive ecosystems in the world (Schlesinger 1997) and thus are
expected to introduce large amounts of carbon into the soil. However, warm
temperatures favor the decomposition of organic matter (Franzluebbers et al.

2001), increasing the carbon losses from the soil. This loss of carbon might



be even more significant in seasonal wetlands located in climates that suffer
marked wet and dry seasons (Miller et al. 2005), despite having a pulsing
hydrology that enhances wetland productivity (Odum et al. 1995).

(3) Determine the ability to sequester carbon of two similar created wetlands in
central Ohio that differ only in their initial planting, but otherwise have had
the same hydrologic features and nutrient loadings. Soil carbon
sequestration was determined 15 years after these wetlands were created
and compared to the rates estimated 10 years after their creation. The
relationship between carbon and nitrogen contents in the soil was also
explored to evaluate if C:N ratios can predict soil carbon accumulation and
compared with the C:N ratios in the inflowing water (Chapter 4).

Rationale - After 15 years these created wetlands are likely to have
faster carbon sequestration rates than similar natural wetlands because of
the high productivity of young ecosystems (Odum 1969), and this rate is also
expected to be greater than the one determined after 10 years of creation
(Anderson and Mitsch 2006) because and increase in wetland productivity
over the years (Mitsch et al. 2012). While no studies in literature evaluate the
relationship between carbon and nitrogen in wetland soils, upland studies
report inconsistent and some times contradictory results, making it unclear
if nitrogen favors carbon accumulation in the soil by means of stabilization of
the organic matter (Cambardella and Elliott 1994) or if it accelerates its

decomposition (Bragazza et al. 2006).



1.2. Background

The rapid increase of greenhouse gases (GHG) in the atmosphere in the last
century and their correlation with changes in climatic trends has created a
generalized concern for the potential consequences of maintaining this rate of GHG
emissions. Estimations on how climate is going to change are limited by the fact that
we cannot predict with accuracy the magnitude of the changes and establish clear
cause and effect relationships (Bodansky 1991; Levin 1992; IPCC 2007). The best
tool that we have so far is to look at current trends and estimate what the worst-
case scenario could look like if those trends are maintained.

Two of the most important greenhouse gases are carbon dioxide (CO2) and
methane (CH4). They are produced naturally and anthropogenically, but the rapid
increase of atmospheric GHG concentrations is associated with fossil fuel
combustion. Thus, GHG levels have been increasing since the times of industrial
revolution, CO2 from 280 ppm to 381 ppm and CHs from 700 ppb to 1750 ppb
(WMO 2006; IPCC 2007). Awareness and concern on this issue has created a
generalized interest on finding effective ways to reduce net GHG emissions. There
are three different ways to accomplish this task (Schrag 2007; Lal 2008): reducing
global energy use, using an alternative no-carbon source of energy, and
sequestering carbon from point sources or from the atmosphere through natural
and engineered systems. Given our current situation, we cannot make a significant
reduction on our energy use; alternative energies are becoming more important and
efficient every day, but we are not ready yet to switch effectively to them and

abandon the use of traditional energy sources (i.e. fossil fuels); and engineering



techniques to sequester carbon are still in the development and testing phase (IPCC
2005). The use of ecosystems that naturally capture and sequester carbon is, as of
today, one of the most efficient and cost-effective approaches to counteract the GHG
emissions (Hanley and Spash 2003; IPCC 2005; Stern 2007).

There are five natural carbon pools. From largest to lowest carbon stock,
these pools are (Lal 2008): oceanic, fossil fuel, pedologic (soil), atmospheric, and
biotic (mostly vegetation). These pools are interconnected through feedback loops
and biogeochemical cycles (Schlesinger 1997). The carbon stock in these pools is
usually transient, except for the oceanic and the pedological pools, which are more
stable and permanent (IPCC 2005; Schrag 2007). Many scientists have considered
using the oceans as carbon sinks, but techniques to successfully enhance and
manage its carbon sequestration capacity are yet to be developed. The soil pool is
therefore the most suitable carbon pool to manage and maximize in a cost-effective
manner. Most carbon sequestration studies have been done in agricultural soils (Lal
et al. 1997; Six et al. 2006) and boreal peatlands (Holden 2005; Roulet et al. 2007).
Agricultural soils are easily manageable through adoption of agricultural practices,
but their carbon sink capacity is limited and subject to crop production. In peatlands,
like in every wetland ecosystem, the presence of standing water and the soil
saturation retards the decomposition of organic materials, acting as significant sinks
for carbon and nutrients (Chimner and Ewel 2005; Mitsch and Gosselink 2007).
However, peatlands are one of the least productive types of wetlands (Gorham
1991; Mitsch and Gosselink 2007); wetlands in non-boreal regions are much more

productive ecosystems due to the warmer temperatures and their hydrologic



features and thus, introduce large amounts of organic matter (and therefore carbon)
in the soil (Cronk and Fenessy 2001; Trettin and Jurgensen 2003; Chimner and Ewel
2005; Mitra et al. 2005; Mitsch and Gosselink 2007). The capacity of wetlands to
sequester carbon under different conditions (wetland types and climatic regions,
among others) is not fully understood yet, and more research in this area is needed
to accurately quantify wetland’s carbon pool and to define their role in global
carbon cycles.

The increased wetland loss rates in the last century and the recognition of
wetland values has lead to a “no net loss” policy in the United States (Dahl 2000;
NRC 2001; Mitsch and Gosselink 2007), where wetlands are often created to replace
natural ones that have been damaged or lost. The success in wetland creation and
restoration has been extensively evaluated (Mitsch and Wilson 1996; Zedler and
Calloway 1999; Kentula 2000; Campbell et al. 2002; Gutrich et al. 2009; among
others) according to the ability of the new wetland to develop wetland structure
(e.g., hydric soil and vegetation cover) and function (e.g., water quality improvement
and wildlife habitat). The ability of created wetlands to efficiently accumulate and
store organic matter in the soil has been less explored, until the recent concerns on
carbon sequestration in natural systems have emerged (Bruland and Richardson
2005; Anderson et al. 2005; Anderson and Mitsch 2006; Fennessy et al. 2008;
Hossler and Bouchard 2010). Waterlogged conditions and high productivity give
created wetlands the potential to be carbon sequestering systems as effective as

natural wetlands are; if created wetlands are proven to be efficient carbon sinks



they could function as natural cost-effective mitigation tools to sequester carbon

and abate the net greenhouse effect of carbon emissions.

1.3. Wetlands and climate change

The role that wetlands can play in climate change is defined mainly by their
importance in global carbon budgets, since they are estimated to be a sink of 450 Pg
C (about one-third of the total organic soil pool; Mitra et al. 2005; Lal 2008; Mitsch
and Gosselink 2007) despite covering 6-8 % of the land (Lehner and Doll 2004;
Mitra et al. 2005; Mitsch and Gosselink 2007), and they are also accounted
responsible for 25 % of the yearly CH4 emissions to the atmosphere (i.e., 60% of the
naturally originated methane emitted each year; Bartlett and Harris 1993; Whalen
2005; IPCC 2007). In terms of a carbon balance, the carbon that wetlands emit as
methane is only about 1-3 % of the net wetland biomass productivity (Whiting and
Chanton 1993; Schlesinger 1997; Jokic et al. 2003; Melack et al. 2004), which in turn
is greatly exceeded by the rate of carbon accumulation in the soil (Mitsch and
Gosselink 2007; Saunders et al. 2007). For a full assessment of the net effect of a
wetland as sink or source of carbon to the atmosphere, it is necessary to take into
account the soil carbon sequestration rate and the two main fluxes of carbon
(typically) of a wetland ecosystem, i.e. the CO; taken from the atmosphere (mainly
through biomass productivity), and the CO; and CH4 emitted through aerobic and
anaerobic respiration. However, when comparing carbon species we have to
consider their global warming potential (GWP, an estimation of how much the

greenhouse gas contributes to global warming; IPCC 2007), and so every flux and



stock of carbon in the ecosystem has to be transformed into “CO: equivalents”
before balancing the ecosystem carbon budget. Since the GWP of CH4 is much higher
than the GWP of CO; (25 times the GWP of COz in a 100 years time horizon), the net
effect of the wetland as source or sink of GHG can be questioned when scientists
claim that wetlands, and specially created wetlands, can sequester carbon. However,
this controversy on wetlands functioning as sources or sinks of carbon to the
atmosphere is something that can be managed in created freshwater wetlands by
favoring the conditions that enhance carbon sequestration and reduce CHa
emissions - for example, a pulsing hydrology (fluctuating water level) can keep CHa
emissions low (Altor and Mitsch 2008) while it increases productivity (Odum et al.
1995) and thus carbon inputs to the soil.

The conservation of existing wetlands around the world and the creation of
new ones is something that needs to be encouraged, not only because of their
potential carbon sink capacity but also because of the numerous and valuable
ecosystem services they provide (Folke 1991; Costanza et al. 1997; Soderquist et al.

2000; Mitsch and Gosselink 2007).

1.4. Methodology overview

The lack of standard methodology for sampling and analysis for carbon
sequestration in wetland soils makes difficult the comparison between studies and
challenges the gain of a general idea of how carbon sequestration varies within
wetlands and/or between wetlands. A method that is becoming more common in

the last decade is the use of 137Cs and 219Pb radionuclides for estimating



accumulation rates in natural wetlands. This method measures the activity of these
independent radioisotopes in the wetland soil. These radioisotopes deposit
atmospherically and bind strongly to the clay particle of the sediment, being affected
by the same variables that would affect sedimentation on soils. In wetlands, being
depositional environments, these sediments accumulate relatively undisturbed due
to the little erosion that these soils suffer (compared to upland soils). These
sediments containing 137Cs and 219Pb are brought in by runoff or suspended in the
inflowing water, and once in the wetland they settle, accumulating in the bottom.
Thus, estimation on rate of accumulation of these radioisotopes serves as an
estimation of accumulation of sediments in the wetland over time. In created
wetlands the estimation of sedimentation rates since creation date is easily
determined by estimating the amount of soil accumulated over the underlying
parent material since the wetland was created.

Once we know the amount of soil that the wetland accumulates over time we
can calculate the rate of carbon accumulation by measuring carbon content of that
soil. When we estimate carbon accumulation rates we are measuring the carbon that
is staying in the soil under the given conditions, after the carbon is brought in (by
plant biomass produced in the wetland, inflowing waters, or suspended sediments,
among others) and after the carbon is consumed and has left the soil (mainly by
organic matter oxidation and anaerobic decomposition). Therefore, the carbon
sequestration rate we calculate is the net accumulation of carbon in the soil in the
long term, regardless of its origin and after processes of carbon inputs and outputs

take place.
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