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ABSTRACT 

 

Carmichael, Mary J. 

BIOGEOCHEMICAL CONTROLS ON CARBON FLUXES IN A RESTORED 

COASTAL FRESHWATER FORESTED WETLAND 

 

Dissertation under the direction of William K. Smith, Ph.D., 

Charles H. Babcock Professor of Botany 

 

 From a climate change perspective, one of the most important ecosystem services 

that wetlands provide is carbon sequestration, a regulating service that helps moderate the 

impact of increased anthropogenic and natural emissions of greenhouse gases like CO2 

and CH4. Carbon dynamics in wetlands are influenced by processes that promote the 

accumulation of carbon in sinks and those that govern the release of carbon (e.g. act as 

carbon sources). The research described here evaluates the role of vegetation in carbon 

source/sink dynamics in a restored coastal freshwater forested wetland. 

Taxodium distichum (L.) Rich (bad cypress) represent a foundational species in 

coastal freshwater wetlands. These long-lived canopy dominants are well-adapted to 

flooded freshwater conditions, but particularly sensitive to changes in water chemistry 

associated with salinity incursion, an increasingly common situation in coastal regions of 

the southeastern United States. Chapters II and III investigate the impact of salinity 

incursion events on the ability of bald cypress to sequester carbon. I apply traditional 

techniques within the discipline of physiological plant ecology to a restoration setting to 
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develop a baseline data set for the long-term evaluation and monitoring of restoration 

efforts at the Timberlake Observatory for Wetland Restoration. These data indicate that 

salinity incursion represents a long-term threat to the species ecophysiology, hence the 

success of the restoration effort currently underway.  

In addition to functioning as an important carbon sink, wetlands also represent the 

largest source of the annual flux of methane to the atmosphere. Vegetated wetland 

ecosystems in particular are hot spots of methane emissions. In Chapter IV, I provide the 

first comprehensive assessment of the importance of vegetation to the annual flux of 

methane to the atmosphere. In Chapters V and VI, I work towards identifying standing 

dead trees as a novel pathway in the annual flux of methane to the atmosphere from 

wetland ecosystems.  

Because of the substantial role that carbon gases play in greenhouse effects on 

global climate change, a greater resolution of the anthropogenic and biologic forces that 

control the source/sink dynamics of carbon in wetlands is important as society works 

towards mitigating current and future global warming. 
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CHAPTER I 

 

COASTAL WETLANDS AND GLOBAL CLIMATE CHANGE: AN INTRODUCTION 
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 Human-domination of the Earth’s systems can be traced to the late 18
th

 century, a 

time when many (Crutzen, 2002; Steffen et al., 2011; Waters et al., 2016) argue for the 

beginning of a new geological epoch: the Anthropocene. This era has been characterized 

by an exponential expansion of mankind’s influence on all aspects of the Earth’s 

biosphere, including climate (Wang et al., 1976; Hansen et al., 1983; Hansen et al., 2013), 

ecosystem function (Vitousek, 1994; Vitousek et al., 1997), and biogeochemical cycling 

(Klee & Graedel, 2004; Canfield et al., 2010).  

 In addition to directly impacting the Earth’s geophysical system, global climate 

change has exerted a variety of indirect impacts on biodiversity (Blois et al., 2013), 

ecosystems (Diffenbaugh & Field, 2013), and the services they provide (Nelson et al., 

2013). This compounding planetary stress has led some researchers to 1) delineate a “safe 

operating space for humanity” by quantifying planetary boundaries that should not be 

crossed to avoid reaching a tipping point that would lead to collapse (Rockström, 2009) 

and 2) pin-point early warning signals of an asymptotic approach to these threshold 

boundaries (Scheffer et al., 2009). 

 Coastal systems lie at the interface of the Earth’s terrestrial and marine 

ecosystems and are home to ca. 40% of the United States’ total human population, a 

figure that is expected to grow to near 50% by the next population census in 2020 

(NOAA, 2013). Because of their location on the landscape and the large numbers of 

people that live in coastal regions, coastal ecosystems are increasingly threatened by a 

variety of stressors related to both global climate change and human activity (Scavia et 

al., 2002; Doney, 2010). These pressures often lead to a degradation of ecosystem 
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function, creating a non-sustainable cycle that is ultimately detrimental to the inhabitants 

of coastal regions and beyond (Hauer et al., 2016). 

Coastal wetlands: a hot spot for ecosystem services 

 Wetlands occupy the transition zone between the terrestrial and aquatic (i.e. 

freshwater and marine, for coastal wetlands) interface and are defined as “lands where the 

water table is usually at or near the surface or the land is covered by shallow water” 

(Cowardin et al., 1979). At the terrestrial interface, the upland limit of a wetland is 

delineated by a combination of vegetation structure, pedogenic processes, and hydrology, 

whereas the extent of the low water of spring tides determines a wetland boundary at the 

marine interface (Cowardin et al., 1979). In total, wetland ecosystems cover 8,219-

10,119 ×10
3
 km

2
 of the Earth’s surface, with coastal wetlands occupying ca. 8% of this 

area (Lehner & Döll, 2004). 

 Coastal wetlands include both freshwater and saltwater habitats and range in 

extent from upstream non-tidal freshwater wetlands, to downstream tidal fresh- and 

saltwater systems, salt marshes, and mangrove swamps. These habitats represent critical 

control points (Bernhardt et al., 2017) for ecosystem services, as coastal wetlands 1) act 

as barrier systems, providing flood and storm protection to surrounding landscapes 

(Arkema et al., 2013), 2) represent hot spots of carbon sequestration (Henman & Poulter, 

2008; Ardón et al., 2016), 3) play a key role in water storage and regulation and nutrient 

and/or pollution filtration (Cowardin et al., 1979; Richardson, 1983; Ardón et al., 2013), 

and 4) provide habitat for a variety of endemic plant and animal species (Richardson, 

1983). This suite of ecosystem services places wetlands among the most valuable of all 

ecosystems on Earth (Costanza et al., 1997). 
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Coastal wetlands: ecosystems under assault 

 Wetlands represent the most downstream component of a watershed, beginning at 

the headwaters of a mountain stream or river to the system’s outlet into the ocean. 

Because of their unique position on the landscape, coastal wetlands are impacted by both 

upstream and downstream processes. On the landward side, changes in riverine sediment 

loads (Jurik et al., 1994; Syvitski et al., 2005), alterations in hydrological flows (Odum et 

al., 1979; Odum et al., 1995), the occurrence of point and non-point source pollution, 

nutrient loading  (Howarth et al., 1996; Deegan et al., 2012), and land use conversion 

(Carter, 1975) can impact ecosystem function. From the seaward side, sea level rise 

(Sallenger Jr. et al., 2012; Williams, 2013), saltwater incursion (Ferguson & Gleeson, 

2012 ; Ardón et al., 2013; Ardón et al., 2016), and increased sedimentation during 

extreme episodic events (Turner et al., 2006) can impact ecosystem function. In some 

cases, changes in both upstream and downstream processes have a positive impact on 

wetland ecosystem function (e.g. Odum et al., 1979); but, more often, ecosystem function 

is degraded (e.g. Deegan et al., 2012). However, the response of a given wetland 

ecosystem is likely system-specific and highly dependent on the intensity, duration, and 

nature of perturbations, especially if several of these processes are acting synergistically 

(Kardol et al., 2012 ).  

Justification for dissertation research 

 Wetlands occupy ca.6-8% of the Earth’s ice-free land surface (Lehner & Döll, 

2004), but have a disproportionately large effect on the global cycling of water (H2O) and 

carbon (C). In terms of regulating services (i.e. climate regulation), one of the most 

valuable services that wetlands provide is carbon sequestration, a process that is balanced 
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by accumulation of C in wetland sediments and vegetation (i.e. carbon sinks) and release 

of C via decomposition and export either as an atmospheric flux or via hydrologic 

transport (i.e. carbon sources). At its most basic level, carbon sequestration is a 

source/sink question. When C is accumulated in a system at the same rate that it is lost or 

exported, a system is in carbon balance: simply put Cin = Cout. When this equation is 

tipped to the left, a wetland is a net C sink, and when the balance is tipped to the right, a 

wetland becomes a net C source. 

 Alterations in many of the processes described in the previous section (i.e. 

Coastal Wetlands: Ecosystems Under Assault) can impact the source/sink dynamics of C 

in a wetland. For example, nutrient loading at a moderate level can stimulate primary 

production (Odum et al., 1995), thus carbon sequestration, in wetland systems. However, 

heavy nutrient loads can detrimentally impact the ability of some systems to sequester C, 

both in the sediment and vegetation (Deegan et al., 2012). A better understanding of the 

processes that impact source/sink dynamics in coastal wetlands is a fundamental 

component of our ability to predict the response of these systems to pressures associated 

with global climate change. 

 The study site that is the focal point for this dissertation is the Timberlake 

Observatory for Wetland Restoration (hereafter TOWeR), a restored coastal freshwater 

forested wetland located in Tyrrell County, North Carolina. A detailed history of the site 

and restoration and management plan is given in the body of this dissertation. In the late 

1990’s, the Great Dismal Swamp Mitigation Bank, LLC purchased the former 

Timberlake Farms for the purpose of restoring the site as a compensatory mitigation bank. 

After the last agricultural harvest in 2004, restoration at TOWeR was initiated, and was 
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completed in 2007 when the pump station at the northern end of the site was disabled, 

hydrologically reconnecting the site to surrounding waters. Periodic monitoring of the 

site has occurred over the past several years as outlined in Needham (2006). 

 As a part of the restoration plan, connectivity between the site and the 

surrounding Albemarle Sound, a brackish body of water, was intentionally maintained to 

provide spawning habitat for river herring (Alosa aestivalis and A. pseudoharengus) 

(Needham, 2006). However, during periods of low flow and/or drought, hydrologic 

connectivity to surrounding brackish bodies of water allows for the incursion of saltwater 

into the restoration area (Ardón et al., 2013), resulting in the periodic occurrence of 

brackish conditions (up to 6 ppt) in an ecosystem that was designed for freshwater 

conditions. 

Coastal freshwater wetlands, such as TOWeR, occur beyond the upper reach of 

the historical extent of tidal influence, and are thus particularly vulnerable to changes in 

water chemistry associated with saltwater incursion. From a geomorphological 

perspective, vertical accretion of sediment in wetlands occurs as result of above- and 

belowground processes and is ultimately linked to the balance between sedimentation and 

decomposition (Kirwan & Megonigal, 2013). The influx of SO4
2-

 rich seawater into 

anaerobic freshwater soils can lead to the stimulation of carbon mineralization (Weston et 

al., 2011; Morrissey et al., 2013) and a decreased ability of freshwater wetlands to 

accumulate sediment at a rate that offsets sea level rise. From an ecological perspective, 

changes in the chemical composition of groundwater, similar to those associated with 

saltwater incursion, can lead to conditions that are conducive to stress in freshwater 

wetland vegetation [e.g. high sulfide levels (Lamers et al., 1998; Lamers et al., 2002), 
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cation and osmotic stress (Allen et al., 1996; Conner et al., 1997), and ammonium 

toxicity (Britto & Kronzucker, 2002)] and may ultimately affect ecosystem services such 

as carbon sequestration and nutrient and pollution filtering. 

The impacts of saltwater incursion on the biogeochemical cycling of C at TOWeR 

have previously been noted (Ardón et al., 2016; Powell et al., 2016). My dissertation 

research (Chapters II and III) expands on our collaborators’ observations by addressing 

the potential ecophysiological consequences of saltwater incursion on the dominant tree 

species in permanently inundated areas at the site, Taxodium distichum (L.) Rich (bald 

cypress). In Chapter II (Carmichael & Smith, 2016a), a baseline ecophysiological profile 

for bald cypress is established over the course of a growing season at TOWeR. In Chapter 

III (Carmichael et al., in review, Wetlands Ecology and Management), stable isotopic 

analysis is used to investigate the water sources for bald cypress at the site in an attempt 

to assess whether saltwater incursion represents an acute or long-term threat to the 

success of the restoration effort at TOWeR. Over time and with continued monitoring, 

these data can be used to monitor and assess the impact of changes in hydrology and 

water chemistry on the ability of the restoration area to sequester carbon. 

In addition to their role as a potential carbon sink, wetlands also represent a 

carbon source as the largest source in the annual flux of methane to the atmosphere 

(Kirschke et al., 2013). Methane (CH4) is an extremely potent greenhouse gas, with a 

global with a global warming potential ca. 28-34× that of CO2 over a 100 year period 

(Myhre et al., 2013). Wetland vegetation can act as a carbon sink (via photosynthesis) 

and source, as plants are a quantitatively important source of methane flux from these 

systems [Chapter IV (Carmichael et al., 2014) and references therein]. Chapters V 
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(Carmichael & Smith, 2016b) and VI (Carmichael et al., in review, New Phytologist) 

investigate the role of standing dead trees in the annual flux of C gases from wetland 

ecosystems, ultimately leading to the identification of a novel source of C flux from 

wetlands.  
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Abstract 

Wetland restoration is a common practice in the southeastern United States, where 

changing land use patterns have resulted in the widespread degradation of coastal 

ecosystems. Re-establishment of indigenous vegetation is a fundamental paradigm of 

restoration practice. In freshwater wetlands, this often includes planting flood-tolerant 

species such as Taxodium distichum. While much is known regarding the ecology of this 

foundational species, research establishing the ecophysiological profile of mature bald 

cypress under stress-free, baseline conditions is limited. Therefore, a study was 

undertaken in 2015 to monitor the growing season ecophysiology of a bald cypress stand 

in a restored coastal wetland. Net photosynthesis was constant in the early to mid-

growing season, declining steadily late in the growth season until the visible onset of 

needle senescence. Patterns in transpiration matched those observed for photosynthesis, 

while needle conductance and chlorophyll fluorescence appeared to track expected 

patterns associated with needle development. Trees at this site appeared healthy and were 

reproductively competent. However, long-term monitoring of the stand would help 

evaluate the ecological sustainability of this restoration project. We advocate for the 

inclusion of ecophysiological-based vegetation monitoring within restoration projects, 

enabling a sensitive and early indication of the trajectory of a restoration plan. 
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Introduction 

The Albemarle-Pamlico Peninsula (Fig. 1), located in northeast North Carolina, 

was historically dominated by pocosin wetlands that once covered over 1 million hectares 

in North Carolina (Richardson 1983), but have since been reduced to 28% of their 

original range. Due to a combination of low-lying elevation and poor drainage, soil in this 

region is primarily hydric and heavily organic (Moorhead and Cook 1992). However, if 

drained and intensively managed, these former wetlands can be transformed into highly 

productive croplands. As a result, the mid 1970’s saw the expansion of large-scale 

agriculture and timber harvest in the Albemarle-Pamlico Peninsula (Carter 1975). This 

land use conversion has resulted in the loss of an extensive range of native wetland 

habitat in the southeast United States (Cashin et al. 1992), and a concurrent reduction in 

key ecosystem services such as flood/storm protection (Arkema et al. 2013), carbon 

sequestration (Henman and Poulter 2008; Kintisch 2013), water storage and regulation 

(Richardson 1983), nutrient/pollution filtration (Ardón et al. 2013; Cowardin et al. 1979) 

and maintenance of estuarine water quality (Doney 2010), and habitat for a variety of 

endemic plant and animal species (Richardson 1983).  

From a commercial perspective, recent interest has arisen in restoring these 

degraded wetland habitats by creating mitigation banks for the purpose of selling 

compensatory credits. In practice, the first phases of wetland restoration are targeted 

towards the restoration of the physical structure of a site by re-establishing historical 

hydrology, proper soil characteristics, and native vegetation (Palmer et al. 1997). In 

coastal regions of the southeastern United States, this often involves planting flood-

tolerant species such as Taxodium distichum (L.) Rich. (bald cypress), Nyssa sylvatica 
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Marshall var. biflora (Walter) Sarg. (swamp tupelo), and Fraxinus pennsylvanica 

Marshall (green ash) that are typical of freshwater forested wetlands.  

Bald cypress represent a foundational species in southeastern deepwater swamps 

and coastal freshwater forested wetlands (Ellison et al. 2005), whose establishment 1) 

creates and defines these important coastal ecosystems and 2) facilitates and stabilizes 

ecosystem processes by strongly influencing hydrology, sedimentation, and nutrient 

cycling (Sun et al. 2001) and creating key habitat for native plant and animal 

communities (Sharitz and Mitsch 1993). This species has a wide geographic range and 

has long been recognized for its ecological, silvicultural, and timber value (Mattoon 

1915). Although the ecology of bald cypress has been relatively well studied, very little is 

known about the ecophysiology of these dominant members of southeastern deepwater 

swamps and coastal freshwater forested wetlands (Radford et al. 1968; Weakley 2012), at 

least partially due to the difficulty associated with working in permanently inundated 

forest communities. Only a handful of published studies have reported photosynthesis 

values for bald cypress (e.g., see Allen et al. 1997; Brown 1981; Li et al. 2010; McLeod 

et al. 1986; Neufeld 1983; Pezeshki and Chambers 1986; Vann and Megonigal 2002 

among others) or information about plant water status (Allen et al. 1997; Li et al. 2010; 

McLeod et al. 1996; Neufeld 1984; Stiller 2009). Many of these studies (with the 

exceptions of Brown 1981 and Neufeld 1984) focused on first-year seedlings and have 

been conducted in either a controlled greenhouse setting or by utilizing a mesocosm-

based design. Therefore, basic information about the ecophysiology of mature (i.e. seed-

producing) bald cypress carbon and water relations over a complete growing season in 
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the field is lacking. This represents a significant gap in knowledge given the importance 

of this species to both natural coastal systems and wetland restoration efforts.  

Methods 

An ecophysiological profile of T. distichum was generated by assessing plant 

photosynthetic carbon gain and water relations on a monthly basis within a cypress stand 

in a restored coastal freshwater wetland, beginning from initial growth in May to the 

onset of leaf senescence in September (hereafter the growing season).  

Site Description 

In the early 2000s, the Great Dismal Swamp Restoration Bank, LLC, purchased 

the former Timberlake Farms in Tyrrell County, North Carolina (35°54′22″N, 

76°09′25″W, Fig. 1) and began a restoration process for the purpose of adding the site to 

their mitigation bank portfolio. A detailed description of the region and site restoration 

practices and management can be found in Ardón et al. 2010a and 2010b, and Needham 

2006. This ca. 1700 ha site consists of 420 ha of mature forested wetland that was never 

under crop rotation, 787 ha of forested wetland on the northern side of the tract that is 

part of a preservation easement, 57.2 ha of drained shrub-scrub pocosin, and 440 ha of 

former agricultural fields that are undergoing wetland restoration (Ardón et al. 2010a; 

Ardón et al. 2010b). After the last harvest in 2004, restoration of the site began, and it 

was completed in 2007 when the pump station located at the northern end of the site was 

disabled, allowing the site to flood. As a part of this effort, 750,000 seedlings were 

planted, including a mix of T. distichum, N. sylvatica var. biflora, and F. pennsylvanica 

in riverine areas (Needham 2006). Today, bald cypress remains the dominant species in 

permanently inundated areas within Timberlake.  
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The present study describes measurements on a stand of bald cypress saplings 

(Fig. 2) within the 440 ha restored wetland (Fig. 1a). The site was continually flooded 

from May until September 2015, with a mean water depth on sample days of 0.31±0.09 

m (range 0.38±0.04 to 0.25±0.06 m). This area of the restored wetland also experiences 

periodic surface water salinization due to the occasional upstream input of cropland 

runoff from pump stations located nearby. However, this did not occur throughout the 

study period. Twenty healthy (e.g. reproductively competent and free of any obvious 

microbial infection or insect infestation) saplings (ca. 10 years old) in this stand were 

systematically selected, tagged, and measured (mean DBH 13.85±0.62 cm) at the 

beginning of the 2015 growing season. Sampling occurred monthly on sunny days over 

the entire growing season.  

On each sampling date, fifteen of the twenty marked trees were randomly 

sampled for ecophysiological profiling (photosynthetic gas exchange, chlorophyll 

fluorescence, and xylem water potentials). Unless otherwise stated, all measurements 

were made in triplicate on three south-facing branches per tree. Due to the constraints of 

working in a permanently flooded environment, branches were detached from each tree 

and transported to land for measurement approximately one minute after detachment. 

Prior experimentation in both the field and a greenhouse setting indicated no statistically 

significant effect of detaching branches on the precision of photosynthetic gas exchange 

and chlorophyll fluorescence measurements (P=0.45 and 0.26 respectively) as long as 

measurements were taken within ca. three minutes immediately following branch 

detachment.  

Site Mesoclimate and Water Quality 
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The annual growing season at Timberlake lasts from March until October (Ardón 

et al. 2013). Needle bolt typically begins in mid-April at Timberlake, but needle and 

branchlet sizes were not large enough for accurate gas exchange measurements until May. 

Needles began to visibly senesce (e.g. turn red/orange in color) in August. In 2015, trees 

were significantly defoliated at the time measurements were taken in September. Hence, 

the term growing season in this study refers to the measurable growing season lasting 

from May to September.  

Environmental variables were measured onsite throughout the study period and 

supplemented with data from the State Climate Office of North Carolina’s Climate 

Retrieval and Observations Network of the Southeast (CRONOS) Database monitoring 

station #311949 located within 2 km of Timberlake in the Gum Neck Community of 

Tyrrell County, North Carolina. Air temperature and relative humidity were logged 

continuously at 30 minute intervals within the stand at the base of the live canopy (1 m 

above the ground) using a HOBO Pro V2 sensor and data logger (Model U23-001, Onset, 

Bourne, MA) shielded from direct sunlight and the nighttime sky. These values were 

summarized to express daily averages and average daily maximum and minimum 

temperatures for the duration of the study period. Precipitation data (monthly sum of 2 m 

daily precipitation values) from the NC CRONOS monitoring station #311949 were used 

due to bears dismantling on-site rainfall gauges. 

Monthly water quality measurements were taken at three locations within the 

cypress stand on each sample date. Salinity was monitored using a YSI EcoSense 

EC300A portable conductivity, salinity, and temperature meter (YSI, Yellow Springs, 

OH), and pH was monitored using a YSI EcoSense pH100A portable pH, mV, and 
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temperature meter (YSI, Yellow Springs, OH). All instruments were calibrated in the 

field immediately prior to measurements.  

Photosynthetic Gas Exchange 

Photosynthetic (CO2) gas exchange was measured on a randomly selected subset 

(n=15) of marked individuals within the stand between 0750 and 1101 solar time (0900-

1200 h local time) on sample days. The timing of field measurements was selected to 

match peak photosynthesis observed in T. distichum in the greenhouse over the course of 

a day. Field data from other studies also indicate that gas exchange in cypress (Taxodium 

sp.) peaks in the morning and declines throughout the day (Brown 1978; Cowles 1975). 

Measurements were made on three south-facing branches per tree located in the lower 1/3 

of the canopy. All measurements were made on mature needles, located basally on each 

branchlet, based on evidence indicating a difference in photosynthesis between new and 

mature needles (Vann and Megonigal 2002). Branches were detached and quickly 

transported to dry land where photosynthetic gas exchange was measured on multiple 

branchlets per branch using a Li-COR 6400 portable photosynthesis system (Li-COR, 

Lincoln, NB). During each measurement, needle conductance values were closely 

monitored to ensure that stomatal aperture remained constant and measurements were 

logged when a steady-state was achieved (usually within 90 seconds). All measurements 

were initiated under full ambient sunlight (>1,000 μmol/m
2
sec PPFD) with branchlet 

orientation in its natural position to the sun. When passing clouds decreased PPFD below 

a threshold of 1,000 μmol/m
2
sec, a supplementary light source (Cyclops Sirius 500 

handheld spotlight) was used to increase PPFD levels. Following each measurement, the 

branchlets within the chamber were detached, placed within a sealed zip-top bag, and 
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stored in a cooler on ice during transit. Upon receipt in the lab, projected needle area was 

measured using a Delta T Leaf Area Meter (Cambridge, UK) in order to express 

photosynthesis on a per unit needle area basis. 

Chlorophyll Fluorescence 

To assess the status of the light reactions of photosynthesis (e.g. non-diffusional 

limitations on photosynthetic carbon gain), the photochemical efficiency of photosystem 

II (Fvʹ/Fmʹ) was measured in the field on the same branches used to measure 

photosynthetic CO2 exchange while gas exchange measurements were completed. Fv/Fm 

represents the ratio of variable fluorescence to maximum fluorescence, a measure of the 

quantum efficiency of open photosystem II centers (Maxwell and Johnson 2000). Ideally, 

Fv/Fm measurements are completed under dark-adapted conditions. However, this was not 

possible due to 1) constraints imposed by working in a permanently flooded environment 

in pre-dawn hours and 2) the inability of branchlets to support clips used for dark 

adaptation during daylight hours. Therefore, a PAM Fluorescence system (Model FMS-2, 

Hansatech Institute, Norfolk, UK) emitting a 2 second long, 3 mmol m
-2

s
-1

, 594 nm 

saturating pulse was used to determine Fvʹ/Fmʹ (light adapted fluorescence) for all samples 

(basal needles on branchlet) (Hughes and Smith 2007).  

Plant Water Status 

To assess daily and seasonal variation in plant water status, xylem water 

potentials (Ψ) were taken twice daily, once in the early morning (0650-0701 h solar time; 

beginning at 0800 h local time) and again in early afternoon (1250-1301 h solar time; 

beginning at 1400 h local time) on each collection day. One 5-7 cm branch on the south-

facing side of each tree was sampled at each time point. Samples were cut from the tree, 
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sealed in a zip-top bag with excess air removed, and taken to dry ground for immediate 

analysis using a Scholander-type pressure chamber (Model 1000, PMS Instrument 

Company, Albany, OR). 

Statistical Analysis 

All statistical comparisons evaluating trends in measured ecophysiological 

parameters over time were tested for significance (P<0.05) using a one-way ANOVA. 

When significant differences occurred, all parametric multiple comparisons were 

conducted using Tukey-Kramer HSD tests. When the assumptions of ANOVA were 

violated, a non-parametric equivalent (Kruskal-Wallis one-way ANOVA on ranks with 

Dunn’s method for multiple comparison tests) was utilized. T-tests were employed to 

compare morning xylem water potential data to measured afternoon values within each 

sample day. Pearson Product Moment Correlations were utilized to determine the 

strength of the relationship between measured ecophysiological parameters. Statistical 

analyses were conducted using Sigma Plot v. 12 (Systat Software, San Jose, CA) and R 

3.0.1 (R Core Team).  

Results 

Site Mesoclimate and Water Quality 

Mesoclimate data (Table 1) indicate that the monthly weather patterns in the 2015 

growing season were similar to both the 10-year weather averages and the 30-year 

climate normal for Tyrrell County, North Carolina (Table 2). Monthly temperature 

averages (maximum, average, and minimum daily averages) followed the expected 

pattern, increasing into the mid-growing season and decreasing in the late growing season. 

Historically, monthly growing season precipitation is highly variable at the site due to its 
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close proximity to the coastline. However, the 2015 data were within the 95% confidence 

interval predicted by the 10-year weather means (thirty-year climate normals for total 

monthly precipitation were not available). 

Despite the fact that the study site occasionally receives water inputs from 

agricultural pumping of adjacent property, no significant changes in measured water 

quality parameters were observed in the 2015 growing season (Table 3). The mean water 

depth within the site ranged from 0.27±0.07 m in June to 0.38±0.04 m in September, but 

there were no significant differences (P=0.36) between study months. Surface water pH 

within the stand was more tightly constrained and did not fluctuate significantly (P=0.32) 

throughout the study period. Mean surface water salinity was constant throughout the 

study period and indicated continuous freshwater conditions (0 ppt). 

Photosynthetic Gas Exchange 

Net Photosynthesis 

Net photosynthesis (A, Fig. 3a) was relatively constant throughout the early to 

mid-growing season, averaging 5.3±0.4 μmol CO2 m
-2

s
-1

 in May, 5.5±0.3 μmol CO2 m
-2

s
-

1
in June, and 5.4±0.3 μmol CO2 m

-2
s

-1
 in July. The visible onset of senescence in the late 

growing season corresponded to significant decline in A in August (3.3±0.2 μmol CO2 m
-

2
s

-1
) and September (2.9±0.1 μmol CO2 m

-2
s

-1
). Correlation coefficients for the 

relationships between A and needle water vapor conductance (g) (R=0.59, P<0.0001), 

transpiration (E) (R=0.65, P<0.0001), and the needle-to-air vapor pressure difference 

(LAVD) (R=-0.40, P=0.001) were significant but not strong (see below). Throughout the 

study period, the ratio of intracellular CO2 to ambient CO2 (Ci/Ca, Fig. 3d) was lowest in 

the early to mid-growing season when A was at a maximum and significantly increased in 
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the late growing season as A declined. Ci/Ca was negatively correlated with both A (R=-

0.50, P<0.01) and E (R=-0.07, P<0.01), as expected.  

Transpiration and Water Use Efficiency 

Changes in transpiration (E) throughout the growing season closely matched the 

patterns in A, but with a more step-wise decline (Fig. 3b). Transpiration was highest in 

May (6.3±0.4 mmol H2O m
-2

s
-1

) and June (6.1±0.03 mmol H2O m
-2

s
-1

), significantly 

declined in July (4.7±0.2 mmol H2O m
-2

s
-1

), plateaued through August (4.9±0.2 mmol 

H2O m
-2

 s
-1

), followed by an additional significant decline in September (4.0±0.1 mmol 

H2O m
-2

s
-1

). Maximum daily E occurred early in the growing season, with least values 

recorded in the late growing season, similar to the pattern seen in A (Fig. 3a). The decline 

in E during the month of July matched the decline in g when, surprisingly, some of the 

lowest LAVD values occurred (4.6±0.1 kPa, Fig. 3e) for the study period (Fig. 3c). These 

changes were associated with a significant increase in the instantaneous water use 

efficiency of photosynthesis (A/E) (Fig. 3f). Throughout the remainder of the study 

period, A/E ranged from 0.72±0.05 μmol CO2 mmol H2O
-1

 to 0.86±0.05, though no 

additional statistical differences occurred. E was not strongly correlated with either A 

(R=0.65, P<0.0001) or g (R=0.57, P<0.0001). 

Needle Conductance 

Needle conductance to water vapor (g, Fig. 3c) steadily declined throughout the 

growing season from a peak value of 123±13 mmol H2O m
-2

s
-1

in May to 93±12 mmol 

H2O m
-2

s
-1

 in September and was significantly, but not strongly correlated with E 

(R=0.57, P<0.0001), LAVD (R=-0.29, P=0.02), or A (R=0.59, P<0.0001). g values in the 

early to mid-growing season were all above 100 mmol H2O m
-2

s
-1

 and fell below 100 
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mmol H2O m
-2

s
-1

in the late growing season (August and September), a 25% decline from 

early growing season values. 

Chlorophyll Fluorescence 

The photochemical efficiency of Photosystem II (Fvʹ/Fmʹ) was consistently high 

and relatively constant (10% maximum variation) throughout the study period (Fig. 4). 

Measured values were lowest in the early growing season in May (0.68±0.01) and June 

(0.69±0.01), increased significantly in July (0.75±0.01) and August (0.75±0.01), but 

decreased significantly in September (0.71±0.01).  

Plant Water Status 

Early morning xylem water potential (Ψ, Fig. 5) was -0.47±0.07 MPa in May, 

sharply and significantly declined in June (-0.96±0.06 MPa), and showed recovery in 

July (-0.67±0.03 MPa), August (-0.45±0.05 MPa), and September (-0.36±0.01 MPa), 

respectively. Early morning measurements were all consistently and significantly higher 

than early afternoon values. Mean afternoon xylem water potentials varied throughout the 

growing season from a maximum value of -0.94±0.12 MPa in May, to a minimum of       

-1.79±0.16 MPa in July.  

Discussion 

The Ecology and Ecophysiology of T. distichum 

Historically, the ecology of bald cypress trees has been relatively well studied. 

The earliest references in literature date back to the early 1900’s and the seminal work of 

R.M. Harper (1902, 1905) and W.R. Mattoon (1915, 1916). Early logging effectively 

eliminated all of the old growth cypress forests in the southeastern United States, and 

most extant sites today are secondary growth. The earliest research on the species 
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primarily focused on its ecology, seeking to understand  basic trends in net primary 

productivity, biomass, and nutrient cycling within bald cypress forests (Schlesinger 

1978) , as well as the tolerance of the species to flooding (Hook 1984a, b; Kludze et al. 

1994; McLeod et al. 1986; Megonigal et al. 1997; Megonigal and Day 1992). However, 

recent trends in research are more applied, seeking to understand the response of this 

foundational species (Ellison et al. 2005) to changes in water chemistry associated with 

climate change concerns such as sea level rise, surface and subsurface saltwater incursion, 

and extreme episodic events (Allen et al. 1997; Allen et al. 1994; Allen et al. 1996; 

Conner and Inabinette 2005; Conner et al. 1997; Doyle et al. 2007; Krauss et al. 1999; 

Krauss et al. 2007). These latter studies address cypress ecosystems from a management 

perspective, seeking to understand the resilience and trajectory of these critical coastal 

ecosystems in the face of stressors associated with global climate change. From an 

ecophysiological perspective, relatively little is known about mature (e.g. seed-producing) 

T. distichum under field conditions. The first published studies on cypress ecophysiology 

dates back to the early 1980’s (Brown 1981; Neufeld 1983), and all published studies 

since (ca. 15) have focused on the carbon and water relations of first-year bald cypress 

seedlings.  

Site Mesoclimate and Water Quality 

 Mesoclimate data for the site at Timberlake indicate that monthly weather 

patterns during the 2015 growing season were consistent with the 10-year weather 

averages and the 30-year climate normals for Tyrrell County, North Carolina. In addition, 

water quality at the site did not significantly fluctuate from long-term observations 

(unpublished site monitoring data) and freshwater conditions were maintained throughout 
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the study period. Therefore, both site weather and water quality data indicate that the 

2015 growing season represented an average year at Timberlake, conditions conducive 

for the establishment of a baseline (e.g. in the absence of any obvious environmental 

stressors that occur at the site, such as salinity incursion) ecophysiological profile of bald 

cypress at the site.  

Photosynthetic Gas Exchange and Chlorophyll Fluorescence 

To our knowledge, the data collected in this study represent one of the first sets of 

ecophysiological measurements taken on mature bald cypress trees over a growing 

season under field conditions (for others, see Brown 1978 and Cowles 1975). Results in 

this study are consistent with prior observations regarding the length of the growing 

season for T. distichum in North Carolina (Stahle et al. 1988) and indicate that A and E 

(Fig. 3a and 3b) remain relatively consistent throughout the early to mid-growing season, 

declining in the late growing season with the visible onset of senescence in needles in 

August. Patterns in E throughout the growing season closely track those seen in A, but 

with a more step-wise decline. The needle-to-air vapor pressure deficit (LAVD) has been 

demonstrated to be an important driver of E in bald cypress (Oren et al.1999). Thus, the 

decline in E in the month of July (Fig. 3b) was likely associated with one of the lowest 

LAVDs observed throughout the study period (Fig. 3e). A second significant decline in 

LAVD was observed in the month of September (Fig. 3e), but this decline did not 

coincide with either a decrease in E or an increase in A/E, most likely due to the onset of 

needle senescence. The co-decline in these two ecophysiological parameters (LAVD and 

E) in July was associated with an increase in the instantaneous water use efficiency (A/E) 

of photosynthesis (Fig. 3f) during this month. 
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Needle conductance to water vapor (g) decreased steadily throughout the growing 

season, but there were no obvious drivers of this pattern except for possibly needle age or 

seasonal patterns associated with E. Environmental factors such as LAVD can exert a 

control on g, and there was a weak, but significant, correlation observed in this study. 

However, g was a stronger predictor of E than LAVD in this study. In particular, the 

weak association between g and A could result from either liquid-phase diffusional 

limitations or carboxylation, both considered non-stomatal limitations to A. The low 

Ci/Ca ratios also reflect a diffusional or carboxylation limitation to CO2 processing [Fig. 

3d, Larcher (2003)]. Limitations to CO2 processing (carboxylation) due to impaired 

Photosystem II function appear unlikely due to the relatively high Fvʹ/Fmʹ, a parameter 

that can reflect an uncoupling of CO2 demand and supply. 

Throughout the study period, Fvʹ/Fmʹ fluctuated between a maximum of 0.75±0.01 

in the mid-growing season and a minimum of 0.68±0.01 in the early growing season (Fig. 

4). This pattern might be expected due to the developmental patterns in needles, whereby 

photosystems are still developing in the early growing season, reach maturity in the mid-

growing season, and are impacted by senescence in the late growing season (e.g., see 

Hughes and Smith 2007). The only other reports of Fv/Fm for bald cypress come from 

Allen (1994) and Slusher et al. (2014), where mean Fv/Fm varied between ca. 0.75 and 

0.90, even higher than the values reported here. However, these measurements were 

recorded under dark adapted, steady-state conditions when the daily maximum Fv/Fm 

value of near 0.80 occurs for most species (Maxwell and Johnson 2000). Lower values 

are indicative of photoinhibition of photosynthesis as a result of high irradiance, 

suboptimal temperatures, or both. Therefore, it is not unexpected that the values 
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measured in this study in the mid-morning dipped below this threshold and those reported 

by Allen (1994) and Slusher et al. (2014) under dark-adapted conditions.  

Plant Water Status 

In the present study, early morning Ψ was high in the early growing season, 

significantly declined in June, and experienced recovery in the months of July, August, 

and September (Fig. 5). Further analysis of these data indicates this unexpected pattern 

may be linked to weather variations such as rainfall and ambient humidity patterns. 

Interestingly, the sharp decline in early morning Ψ in June occurred on a date with the 

longest precipitation drought over the duration of the experiment and when overnight 

relative humidity did not reach 100% for 6 days prior to the measurement date (June 13). 

In July, August, and September, rainfall events had always occurred within 1 day prior to 

measurement dates, and the mean overnight (0000-0600 h local time) relative humidity 

values were >100%. Supersaturation of air results in condensation of water onto the 

surface of plant leaves and stems, which was observed in the field. Late night/early 

morning fog is a common pattern in bald cypress groves in this region. Typically, fog 

rolls into cypress swamps around 0400 h local time and begins to dissipate following 

sunrise as temperatures warm. These conditions are conducive for the occurrence of 

foliar water uptake which can have a significant impact on Ψ (Dawson 1998).   

Although foliar uptake has not yet been demonstrated in bald cypress, one of its 

closest living relatives, Sequoia sempervirens, employs this strategy as an important 

component of its water balance (Burgess and Dawson 2004) and also has a recently 

demonstrated capacity to uptake water via bark during branch wetting events (Earles et al. 

2016). The majority of the research on the phenomenon of foliar uptake of atmospheric 
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water has occurred either in high-elevation (Berry et al. 2013) or cloud forests, where 

periodic patterns of cloud movement regularly saturate the plant canopy in fog water. 

Foliar uptake represents a common phenomenon among species in these forests (Limm et 

al. 2009). Fog patterns at Timberlake mimic these cloud immersion events, and it is 

tempting to hypothesize that the regular fog patterns observed in these coastal systems 

play a similar role in bolstering plant water status either through foliar or bark uptake, 

providing a potential explanation for the observed recovery in early morning Ψ in the 

months of July, August, and September reported here. In addition to observations 

regarding rainfall and overnight humidity, the mean relative humidity at the time of 

measurement (0800-0900 h local time) gradually increased from July to August, likely 

resulting in lower evaporative demand during the measurement interval.  

As expected, afternoon Ψ was consistently lower than early morning Ψ 

throughout the study period, as plant water status typically declines throughout the course 

of a day (Larcher 2003). Afternoon Ψ steadily declined from May to July and exhibited 

some recovery to early growing season values in August and September (Fig. 5). The 

mean afternoon Ψ herein never fell below the value of -1.79±0.16 MPa observed in July, 

but several individual measurements on various sample dates were below the only 

published P50 value (-2.01±0.04 MPa) for this species (Stiller 2009), indicating that some 

of the plants in this study were likely operating very close to their hydraulic safety 

margin in the early afternoon. This is a surprising result given that water is often not 

assumed to be limiting in flooded environments (Davidson et al. 2006; Oren et al. 1999).  
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Conclusions and Implications for Restoration Practice 

Because bald cypress represent a foundational species in certain coastal 

freshwater wetland habitats, establishing a baseline data set for healthy, mature bald 

cypress over the course of a growing season is an important component of restoration 

practice that is not commonly pursued. After years following planting, ecophysiological 

evidence indicates that the bald cypress trees at Timberlake are healthy and functioning 

well. But, ecophysiological monitoring at the site should be extended to cypress stands 

that occur along an established hydrology gradient (Helton et al. 2014) and continue on 

an annual basis to ensure the long-term persistence of this species.  

Coastal wetlands provide a suite of ecosystem services, placing them among the 

most valuable ecosystems on Earth (Costanza et al. 1997). The establishment and proper 

function of these systems is critical to reducing the growing human footprint (Doney 

2010) on coastal biogeochemistry. Threats to coastal wetland ecosystems are well 

documented within the literature (Grimm et al. 2013; Herbert et al. 2015; Kirwan and 

Megonigal 2013; Osland et al. 2016; Petrescu et al. 2015). And, with increasing human 

impact in coastal regions, the restoration of both degraded natural wetland systems and 

anthropogenically manipulated landscapes has become increasingly common.  

The early stages of wetland restoration projects typically involve repairing 

hydrology, re-establishing soil characteristics, and restoring native vegetation 

communities (De Steven and Gramling 2012; Palmer et al. 1997; Zedler 2000). The 

successful establishment and persistence of foundational species is a keystone event in 

setting the proper trajectory for the recovery of lost and/or degraded ecosystem services 

(Palmer and Filoso 2009) in restoration efforts. Vegetation monitoring efforts at 
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restoration sites typically operate over the long-term and involve plot-based ecological 

assessments that target growth, survivorship, and maintenance of community 

composition (for example see Needham 2006 and Wortley et al. 2013 among others). 

While useful and informative, a more mechanistic understanding of the recovery of 

ecosystem services (such as carbon sequestration) at a restoration site could be achieved 

with the inclusion of ecophysiological measurements in site-based vegetation monitoring 

protocol, as changes in plant ecophysiological parameters are sensitive indicators of 

ecosystem stress, potentially acting as an early-warning system to buffer the success of 

restoration efforts. When coupled with data from undisturbed nearby systems, the 

inclusion of ecophysiological measurements in site-based monitoring protocol would 

provide land managers with a powerful tool to obtain instantaneous feedback on plant 

health and physiological performance over the duration of a restoration effort. As such, 

stakeholders would gain an increased understanding of the trajectory of a restoration 

effort, allowing for real-time adjustments of a restoration plan and instantaneous 

mitigation [if possible, see Zedler (2000)] of sources of ecosystem stress. 
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Table and Figure Captions 

Table II-1 Weather data from the Timberlake Observatory for Wetland Restoration 

during the 2015 growing season. Values given as mean±standard error. 

Table II-2 Weather data from the Timberlake Observatory for Wetland Restoration 

during the 2015 growing season as compared to both 10-year averages for Tyrrell County, 

NC (State Climate Office of North Carolina) and the 30-year NOAA climate normals for 

Tyrrell County, NC. Error given as the 95% confidence interval of the mean. 

Table II-3 Water quality data from the inflow bald cypress stand at the Timberlake 

Observatory for Wetland Restoration during the 2015 growing season. Values given as 

mean±standard error. 

Fig. II-1 Site map of the Timberlake Observatory for Wetland Restoration (a) in relation 

to the state of North Carolina and the Albemarle-Pamlico Peninsula (b). The white circle 

in panel 1a denotes the location of the T. distichum stand in this study. Panel 1a was 

created using Google Earth; image is copyrighted by DigitalGlobe (2016). 

Fig. II-2 The T. distichum stand in this study is located on the western edge of the 

Timberlake property (see Fig. 1) near the restoration site inflow. The stand (a) is located 

in proximity to the wetland inflow (circle) and the designated channel of preferential flow 

within the restoration area (arrows). An interior view of the stand in late May 2015 is 

seen in panel b. 

Fig. II-3 Photosynthetic gas exchange parameters in T. distichum over the course of the 

2015 growing season: a) net photosynthesis (A), b) transpiration (E), c) needle 

conductance to water vapor (g), d) the ratio of intracellular CO2 to ambient CO2 (Ci/Ca), e) 

needle-to-air vapor pressure difference (LAVD), and f)  the instantaneous water use 
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efficiency of photosynthesis (A/E,). Measurements were taken on multiple mature 

branchlets on three South facing branches per individual (n=15) between the hours of 

0900 and 1200 and averaged to produce a monthly mean. Error bars represent standard 

error. Letters indicate significant difference (P<0.05) as determined by post hoc analysis. 

Fig. II-4 Photochemical efficiency of photosystem II (Fvʹ/Fmʹ) in T. distichum saplings 

over the course of the 2015 growing season. Measurements were taken on mature needles 

in triplicate for each individual sampled (n=15) and averaged to produce a monthly mean. 

Error bars represent standard error. Letters indicate significant difference (P<0.05) as 

determined by post hoc analysis. 

Fig. II-5 Xylem water potentials (Ψ) during early morning (0800 h local time) and early 

afternoon (1400 h local time) measurements on T. distichum saplings. Measurements 

were taken on a single branch per individual (n=15) and averaged to produce a monthly 

mean. Error bars represent standard error. Letters indicate significant difference (P<0.05) 

as determined by post hoc analysis. 
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Table II-1  

 Average 

Maximum Daily 

Temperature  

(°C) 

Average Daily 

Temperature     

(°C) 

Average 

Minimum Daily 

Temperature (°C) 

Total Monthly 

Precipitation     

(cm) 

May 26.36±0.75 20.40±0.66 14.58±0.75 11.1 

June 32.61±0.67 25.48±0.50 19.46±0.50 21.8 

July 32.82±0.42 25.87±0.27 20.49±0.35 10.4 

August 31.22±0.55 24.26±0.28 18.90±0.40 7.0 

September 29.03±0.53 23.33±0.46 18.84±0.71 18.3 
a Calculated using days when precipitation occurred rather than calendar days. 
b Data from rain gauges at the field site was supplemented with data from the State Climate Office of North Carolina station #3311949 

located in Gum Neck Community, Tyrrell County, NC. 
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Table II-2 
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Table II-3 

 

 Water Depth (m) pH 

May 0.31±0.03 3.81±0.05 

June 0.27±0.07 3.78±0.27 

July 0.35±0.03 4.15±0.03 

August 0.26±0.06 3.99±0.12 

September 0.38±0.04 3.82±0.02 
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Fig. II-1 
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Fig. II-2 
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Fig. II-3 
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Fig. II-4 
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Fig. II-5 
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CHAPTER III 

 

 

WATER SOURCE UTILIZATION IN TAXODIUM DISTICHUM (L.) RICH. (BALD 

CYPRESS) OVER THE COURSE OF A GROWING SEASON IN A RESTORED 

COASTAL FRESHWATER WETLAND VULNERABLE TO SALTWATER 

INCURSION 
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Abstract 

 Stable isotopic analysis of water use patterns in wetland vegetation can provide 

insight into the anticipated ecophysiological response of individual species to seasonal 

and/or episodic changes in water quality such as saltwater incursion into freshwater 

wetlands. In this study, variation in water source utilization over the course of a growing 

season was investigated in Taxodium distichum (bald cypress), a foundational species in 

both naturally occurring wetlands and wetland restoration projects in the southeastern 

United States. Over the course of the 2014 growing season, water use patterns were 

monitored in three bald cypress stands at the Timberlake Observatory for Wetland 

Restoration (TOWeR) by comparing the isotopic composition (δ
2
H and δ

18
O) of xylem 

water extracted from plant tissue to that of the available water sources: surface water, 

sediment porewater, groundwater sampled from multiple locations in the region, and rain 

water. Results indicate that water sources that are impacted by periodic saltwater 

incursion may be utilized by bald cypress at TOWeR, but the short-term health and 

reproductive competency of bald cypress at the site has not been negatively impacted by 

seasonal, episodic, surface water salinity incursions at the site. This study demonstrates 

how traditional plant ecophysiological measurements can lend valuable insight into 

restoration planning and management. 
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Introduction 

Changing land use patterns and threats associated with global climate change 

have resulted in the net loss of more than 717,000 acres of coastal wetland habitat in the 

eastern United States over the past twenty years (Dahl and Stedman 2013; Stedman and 

Dahl 2008). In the southeastern United States  (e.g. Atlantic and Gulf coasts) , 

widespread loss and degradation of coastal wetland habitat  has been extensively 

documented (Guntenspergen and Vairin 1998; Karl et al. 2009) and had resulted in a 

reduction in the critical ecosystem services (Cashin et al. 1992) provided by these 

valuable coastal ecosystems (Costanza et al. 1997). With future projections of climate-

change and anthropogenic-associated impacts on coastal systems increasing, wetland 

restoration will become an increasingly vital practice regionally. The early stages of 

wetland restoration projects typically involve repairing hydrology, re-establishing proper 

soil characteristics, and restoring native vegetation communities (De Steven and 

Gramling 2012; Palmer et al. 1997; Zedler 2000). In coastal regions of the southeastern 

United States, this can involve planting flood-tolerant species (Hook 1984b) such as 

Taxodium distichum (L.) Rich. (bald cypress), Nyssa sylvatica Marshall var. biflora 

(Walter) Sarg. (swamp tupelo), and Fraxinus pennsylvanica Marshall (green ash) in areas 

that will eventually become permanently inundated. 

Bald cypress represent a foundational species in southeastern deepwater swamps 

and coastal freshwater forested wetlands (Ellison et al. 2005) whose establishment creates 

and defines these important coastal ecosystems and facilitates and stabilizes ecosystem 

processes by strongly influencing hydrology, sedimentation, and nutrient cycling (Sun et 

al. 2001). Thus, the establishment, reproduction, and successful recruitment of this long-
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lived species (Stahle et al. 1988) represents a keystone event in establishing the proper 

trajectory for the long-term success of a restoration effort [see Palmer et al. (1997) for a 

discussion of the importance of the establishment and persistence of keystone and 

foundation species in restoration ecology]. 

Bald cypress trees are very tolerant of flooding (Hook 1984b), but are particularly 

sensitive to changes in ground and surface water salinity, especially if salinity pulses are 

not followed by a freshwater flush that restores sediment porewater conditions (Doyle et 

al. 2007a; Krauss et al. 2007). Saltwater incursion represents a major climate change 

associated threat to ecosystems in the coastal plain of the southeastern United States 

(Ferguson and Gleeson 2012 ; Scavia et al. 2002). As such, restoration practitioners 

should consider the long-term impact of climate change associated stressors, such as 

saltwater incursion, on wetland vegetation in vulnerable coastal regions when designing 

and planning restoration efforts (Powell et al. 2016). 

The Timberlake Observatory for Wetland Restoration (Fig. 1) is a compensatory 

mitigation site that underwent active restoration in the early 2000’s. Bald cypress are the 

dominant trees in permanently inundated areas of the wetland (Needham 2006), and the 

site is periodically impacted by drought-induced, seasonal saltwater incursion (Ardón et 

al. 2013) due to hydrologic connectivity with surrounding brackish bodies of water. 

Because of the potential threat imposed by saltwater incursion in the restored wetland 

ecosystem, a study was designed employing stable isotopic analyses to delineate the 

growing season water use patterns in bald cypress. If a water source that experiences 

episodic surficial saltwater incursion [e.g. surface water or sediment porewater (Ardón et 

al. 2013)] represents an important water source for bald cypress at this site, the long-term 
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success of the restoration effort could be compromised due to growth inhibition and 

potential dieback associated with ecosystem salinization (Doyle et al. 2007b; Karl et al. 

2009). Because bald cypress represent an important species in both natural coastal 

systems (Weakley 2015) and wetland restoration efforts, the results reported here are 

broadly applicable and highlight the importance of applying standard ecophysiological 

techniques in restoration planning and management. 

Methods 

Site Description 

The Timberlake Observatory for Wetland Restoration (hereafter TOWeR) is a ca. 

1700 ha compensatory mitigation site in Tyrrell County, North Carolina (35°54′22″N, 

76°09′25″W, Fig. 1). Detailed descriptions of the region and site restoration practices and 

management can be found in Ardón et al. (2010a), Ardón et al. (2010b), Needham (2006). 

Restoration efforts at the site began in 2004, and were completed in 2007 when the pump 

station located at the northern end of the site was disabled, allowing the site to flood. As a 

part of this effort, 750,000 seedlings were planted including a mix of bald cypress, Nyssa 

sylvatica var. biflora (swamp tupelo), and Fraxinus pennsylvanica (green ash) in riverine 

areas (Needham 2006). Today, bald cypress remains the dominant species in permanently 

inundated areas within TOWeR.  

TOWeR is hydrologically connected to the Albemarle Sound (Fig. 1b) through a 

series of agricultural drainage canals that discharge into the Alligator River. This 

connection was intentionally established during the restoration process to provide 

additional spawning habitat for river herring (Alosa aestivalis and A. pseudoharengus) 

(Needham 2006). Hydrology at TOWeR is controlled by a combination of precipitation 
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events, groundwater inputs, and wind patterns, and flow is bi-directional depending on 

the relative contribution of inputs at a given point in time (Ardón et al. 2010b; Manda et 

al. 2013; Poulter et al. 2008). During periods of low flow and/or drought, hydrologic 

connectivity to surrounding brackish bodies of water allows for the incursion of saltwater 

into the restoration area (Ardón et al. 2013), resulting in the periodic occurrence of 

brackish conditions (up to 6 ppt) in an ecosystem that was designed for freshwater 

conditions. To date, monitoring of incursion events indicates that the saltwater incursion 

is surficial and does not penetrate the confining gley layer (ca. 1 m depth) into 

groundwater (Ardón et al. 2013). 

Field-based monitoring of the TOWeR site over time (ca. 10 years) indicates that 

these historically episodic salinity incursions have had a negative impact on both the 

height and diameter at breast height (DBH) of bald cypress (Powell et al. 2016). 

Additionally, salinity incursion events are likely to increase in the region over time due to 

a combination of low topographic and hydrologic gradients in the Albemarle-Pamlico 

region as a whole (Hauer et al. 2016; Sallenger Jr. et al. 2012; Titus and Richman 2001) 

and at TOWeR specifically, where elevation ranges from -1 to 2 m above sea level 

(Morse et al. 2012). The present study was designed to investigate growing season water 

use patterns in bald cypress at TOWeR to determine if salinity incursion at the site 

represents a long-term threat to the health and persistence of this dominant species within 

permanently inundated areas of the restored wetland.  

In 2014, measurements were conducted on three stands of bald cypress saplings 

(Fig. 1a) located within the restoration area. All three transects were permanently 

inundated throughout the year. Transect 6 is located at the wetland inflow, where water 
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from the adjacent forested wetland flows into the system. Water quality (e.g. surface 

water pH and nitrogen and sulfate loads) in this area can periodically be impacted by 

agricultural runoff from upstream farmlands (Helton et al. 2014), though this was not 

observed over the course of the study period (unpublished long-term site monitoring data). 

Midpoint is located along the designated channel of preferential flow within the 

restoration area about half-way through the site. Transect 1 is located at the wetland 

outflow, where water from the restoration area enters the drainage canal that is connected 

to surrounding brackish bodies of water. As such, Transect 1 is most vulnerable to 

episodic salinity pulses (Helton et al. 2014); however, salinity incursion did not occur at 

the site during the 2014 calendar year. 

Site Mesoclimate 

 Site mesoclimate data (temperature and precipitation) were obtained from the 

State Climate Office of North Carolina’s Climate Retrieval and Observations Network of 

the Southeast (CRONOS) Database monitoring station #311949 located within 2 km of 

TOWeR. Temperature values were summarized to express daily means and mean daily 

maximum and minimum temperatures for the duration of the study period. These data 

were validated for site-based accuracy against data logged continuously at TOWeR in 30 

minute intervals at the base of the live canopy (1 m above ground) during the months of 

August, September, and October using a HOBO Pro V2 sensor and data logger (Model 

U23-001, Onset, Bourne, MA) shielded from direct sunlight and the nighttime sky. Water 

depth was measured at a single, central location at each transect on each sample date. 

These values were summarized to calculate an average water depth at each transect over 

the course of the study period (April-October). 
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Plant Water Status 

To assess daily and seasonal variation in plant water status, xylem water 

potentials (Ψ) were measured twice daily, once in the early morning (beginning at 0800 h 

local time) and again in early afternoon (beginning at 1400 h local time) on each 

collection day. One 5-7 cm branch at breast height (ca. 1.37 m) on the north-facing side 

of each tree was randomly selected and sampled at each time point. Samples were cut 

from the tree, sealed in a zip-top bag with excess air removed, and taken to dry ground 

for immediate measurement of Ψ using a Scholander-type pressure chamber (Model 1000, 

PMS Instrument Company, Albany, OR). 

Sample Collection and Isotopic Analysis 

Stable isotopic analysis of H and O is a commonly applied method in 

physiological plant ecology to identify seasonal and temporal variation in water source 

utilization in a variety of plant species [Dawson et al. (2002) and citations therein]. This 

analytical technique is possible due to the differential evaporation of potential water 

sources in an environment, leading to distinct isotopic signatures (Gat 1996) found in 

different sources. To identify water use patterns in vegetation, this requires the collection 

of samples from all possible water sources and the extraction of xylem water from plant 

tissue. 

The annual growing season at Timberlake lasts from March until October (Ardón 

et al. 2013). Leaf out typically begins in mid-April at Timberlake and leaves began to 

visibly senesce (e.g. turn red/orange in color) in August. Bi-monthly sample collection of 

woody tissue samples and all possible plant water sources began with the timing of leaf 

out in April and continued through the end of the growing season in October. Triplicate 
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water samples (ca. 3 mL) from potential water sources were collected at each transect on 

each sample date for isotopic analysis.  

 Surface water samples were collected from each transect at a depth of ca. 0.05 m 

using a telescoping sampling device at the beginning of each sampling event. Sediment 

porewater and groundwater samples were collected using a previously installed network 

of piezometers (depths of 15, 30, and 60 cm) at each transect. Piezometers were purged 

using a hand pump >12 hours prior to each sampling event and allowed to recharge 

overnight. The following morning, sediment porewater samples were collected at each 

transect using a hand pump. Groundwater samples were collected in a similar fashion 

from a piezometer installed below the confining gley boundary layer at ca. 1 m depth. No 

significant differences existed in the δ
2
H and δ

18
O signature of sediment porewater 

samples at 15, 30, and 60 cm on a given date at a given transect; so, all nine samples were 

combined for analytical purposes.  

Five healthy (e.g. reproductively competent and free of any obvious microbial 

infection or insect infestation) saplings (ca. 10 years old) at each transect were 

systematically selected, tagged, and measured (mean DBH at Transect 1, 7.53±0.72 cm; 

Midpoint, 6.43±0.52 cm; and Transect 6, 11.31±0.84 cm) for isotopic analysis of xylem 

water from woody tissue. Stem samples were collected at breast height (ca. 1.37 m) in 

triplicate from each individual on each sample date following White and Smith (2015). 

Stems were detached from the tree, leaves and loose bark were removed, and cut into 

lengths short enough to be placed in a 60 mL glass sample vial.  

Preliminary isotopic analysis of all April samples (data received in August) 

indicated the potential of a missing water source. Therefore, beginning in August, 
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sampling was extended to include all potential water sources in the region rain water at 

TOWeR, surface water samples from the Alligator River and Albemarle Sound, and deep 

groundwater samples from the North Carolina Division of Water Resources’ (NCDWR) 

coastal aquifer monitoring system. Samples from these sources were not initially 

collected because they were not likely to be important sources of water for bald cypress 

saplings at TOWeR for the following reasons: foliar and/or bark water uptake of 

precipitation has not yet been demonstrated in bald cypress, continuous water quality 

monitoring efforts at the site did not provide any evidence of salinity incursion from 

surrounding bodies of water (e.g. the Albemarle Sound via the Alligator River) at 

TOWeR during the 2014 growing season, and personal observations of rooting depth on 

downed trees at the site did not indicate that roots of these saplings could penetrate into 

deeper groundwater aquifers (> 3 m). 

Rainfall was collected in August, September, and October using standard rain 

gauges with a thin (2.5 cm) layer of mineral oil on the top to prevent evaporation. Rain 

gauges were located near each transect. Surface water samples from the Alligator River 

(Alligator River Marina, U.S. 64, Columbia, NC) and Albemarle Sound (Palmetto 

Peartree Preserve, Columbia, NC) were obtained at a depth of ca. 0.05 m using a 

telescoping sampling device, in early and mid-September and October. Deep 

groundwater was sampled extensively across the Albemarle-Pamlico Peninsula at several 

NCDWR sites in Dare County, Tyrrell County, and Washington County with depths 

ranging from 4.5 to 96 m. Aquifer samples were obtained in September and early 

November following NCDWR standard protocol.  
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All samples were placed in glass screw-top vials and sealed with Parafilm to 

prevent isotopic fractionation as a result of evaporation. Samples were transported on ice 

in a cooler from TOWeR, placed upside down in the freezer upon receipt in the lab, and 

subsequently shipped on ice to the Yale Analytical and Stable Isotope Center (YASIC), a 

Yale Institute for Biospheric Studies (YIBS) research center, for stable isotopic analysis. 

At YASIC, xylem water was extracted from woody tissue via cryogenic vacuum 

distillation, a technique that preserves the isotopic composition of a sample (West et al. 

2006). For all water samples, a CTC Analytics PAL autosampler (Zwingen, Switzerland) 

was used to introduce 0.2 μL of water into a Thermo TC/EA coupled to a Thermo Delta 

Plus XP via a Conflo III interface (Thermo Fisher Scientific, Waltham, MA). Isotopic 

ratios were reported as δ-values relative to the Vienna Standard Mean Ocean Water. 

Sample precision was ±2 ‰ for δ
2
H and ±0.2 ‰ for δ

18
O. 

Statistical Analyses 

Statistical comparisons evaluating differences among isotopic values from all 

possible sources and woody tissue samples were analyzed using a one-way ANOVA 

based on calculated deuterium excess values (Dawson and Simonin 2011). When 

significant differences occurred (P<0.05), all parametric multiple comparisons were 

conducted using Tukey-Kramer HSD tests. When the assumptions of ANOVA were 

violated, a non-parametric equivalent (Kruskal-Wallis one-way ANOVA on ranks with 

Dunn’s method for multiple comparison tests) was utilized. ANCOVA was used to test 

for significant differences in the slope of the regression lines from rainwater and woody 

tissue samples. T-tests were employed to compare morning xylem water potential data to 

measured afternoon values within each sample day. One-way ANOVA (as described 
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above) was utilized to compare both differences in Ψ between transects on a given 

sample date and seasonal differences in Ψ within a transect. Statistical analyses were 

conducted using Sigma Plot v. 12 (Systat Software, San Jose, CA) and R 3.0.1 (R Core 

Team 2013). 

Results 

Site Mesoclimate 

 Mesoclimate data indicate that the monthly weather patterns in the 2014 growing 

season were similar to both the 10-year weather averages and the 30-year NOAA climate 

normals for Tyrrell County, North Carolina (Table 1). All 2014 mesoclimate averages fell 

within the 95% confidence intervals established by the 10-year weather averages. The 30-

year NOAA climate normals for Tyrrell County, North Carolina were all within the 95% 

confidence intervals established by the 2014 mesoclimate data, except for the average 

daily maximum temperature in August, which was slightly cooler than the 30-year 

climate normal for the month. Historically, monthly growing season precipitation is 

highly variable at the site due to its close proximity to the coastline. However, the 2014 

data were within the 95% confidence interval for the 10-year weather means (30-year 

climate normals for total monthly precipitation were not available). 

 All transects were permanently inundated throughout the study period, with water 

depth following an expected pattern given the topography at the site. The average water 

depth over the course of the study period was greatest at Transect 1 (0.56±0.07 m) near 

the outflow and steadily decreased moving south following the channel of preferential 

flow from Midpoint (0.45±0.05 m) to Transect 6 (0.35±0.03 m) near the inflow. At each 

sampling event, water depth was greatest at Transect 1 and least at Transect 6. 
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Plant Water Status 

 At each transect, early morning Ψ (Fig. 2) decreased from April to August and 

increased in October. Early afternoon (1400 h local time) Ψ was relatively constant 

throughout the study period at Transect 1 and Midpoint, with the only significant 

seasonal decline in October at Midpoint (-1.99±0.17 MPa). Early afternoon Ψ at Transect 

6 fluctuated throughout the study period, increasing from April (-1.38±0.19 MPa) to June 

(-0.30±0.08 MPa), significantly declining in July (-1.90±0.14 MPa), and plateauing 

through October (-1.66±0.25 MPa). Both early morning and early afternoon Ψ were 

statistically similar across all transects on a given sample date, with the exception of 

October, where early morning Ψ was significantly higher (P<0.01) at Transect 6 

compared to Midpoint and early afternoon Ψ was significantly higher at Transect 1 

compared to Midpoint (P=0.02). 

 While plant water status typically declines over the course of a day (Larcher 

2003), early morning Ψ was not consistently higher than early afternoon Ψ over the 

course of the study period. At Transect 1, the only significant decline in early afternoon 

Ψ compared to early morning Ψ occurred in April (P<0.01). At Midpoint, early morning 

Ψ was significantly higher than early afternoon Ψ in April (P<0.01) and October 

(P<0.01). Daily patterns in Ψ were most closely aligned with what is expected at Transect 

6, except for in June where early afternoon Ψ (-0.30±0.08 MPa) was significantly 

(P=0.03) higher than early morning Ψ (-0.76±0.15 MPa).  

Growing Season Water Use Patterns 

 An attempt was made to determine contributions from important plant water 

sources over the course of the growing season using the isotopic mixing model IsoSource 
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software (Phillips and Gregg 2003; Phillips et al. 2005), but this approach was 

complicated by an inability to identify all water sources over the course of the growing 

season. Xylem water extracted from plant tissue exhibited a distinct isotopic composition 

when compared to all measured sources in each month over the course of the study 

period (Figs. 3-6), though the patterns of relative enrichment and depletion varied on a 

month to month basis. In April (Fig. 3), the isotopic composition of xylem water was 

consistently enriched in δ
18

O for all transects. In June (Fig. 4), xylem water was more 

enriched in δ
18

O at Transect 1 and Midpoint than all measured sources, but was more 

depleted in δ
2
H at Transect 6. August measurements (Fig. 5) exhibited a similar pattern 

as April, whereby the isotopic composition of xylem water was consistently enriched in 

δ
18

O when compared to measured sources. In October (Fig. 6), xylem water was 

consistently more depleted in δ
2
H at each transect than measured sources. Together, Figs. 

3-6 implicate that there was a source that was not collected throughout the study period, 

rendering it impossible to run mixing models on these data. In several plots, the slope of 

the regression line for xylem water appeared to closely match the slope of the regression 

line associated with rain water samples (i.e. the local meteoric water line). ANCOVA 

confirmed that these slopes were statistically similar in all months, with the exception of 

April at Transect 1 (P=0.02) and Midpoint (P=0.04), which is indicative of an overall 

similarity in the rate of change in δ
2
H versus δ

18
O in xylem water and rain water samples. 

 An analysis of the variance in deuterium excess (d) values among all collected 

sources (Fig. 7) over the course of the growing season indicated that the d value of xylem 

water was most similar to that associated with surface water and sediment porewater at 

all transects over the course of the study period. Deuterium excess values at Transect 1 
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and Midpoint were consistently closest to the d values of surface water and sediment 

porewater. A similar pattern existed at Transect 6, with the exception of April, where the 

mean d value of xylem water was closest to that of groundwater.  

Discussion 

The Ecology, Ecophysiology, and Rooting Habit of T. distichum 

 Among common lowland tree species of the southeastern United States, bald 

cypress is considered to be very tolerant of freshwater flooding (Hook 1984b) and 

exhibits the highest salt tolerance among dominant species in freshwater forested 

wetlands (Allen et al. 1996; Krauss et al. 2007). Bald cypress is generally capable of 

tolerating levels of low, chronic exposure to salinity (<3-4 ppt) and short, acute [>15 ppt, 

Conner and Inabinette (2005)] salinity pulses if they are followed by a freshwater flush 

that restores porewater conditions (Doyle et al. 2007a; Krauss et al. 2007). However, the 

effects of long-term, sub-lethal salinity exposure on bald cypress are currently unknown 

(Doyle et al. 2007a; Pezeshki et al. 1990). Recent research indicates that episodic salinity 

incursions (<5 ppt) at TOWeR have a pronounced negative impact on both the height and 

DBH of bald cypress (Powell et al. 2016). And, previous research on bald cypress has 

demonstrated that low-levels of salinity exposure result in a reduction in survival and 

various measures of growth such as height, diameter growth, leaf area, biomass, and 

biomass allocation patterns  (Allen et al. 1994; Allen et al. 1997; Conner and Askew 

1992; Conner et al. 1997; Krauss et al. 1999) and a decline in plant water status and 

photosynthesis in seedlings (Krauss et al. 2007; Pezeshki et al. 1995; Pezeshki et al. 

1990). Therefore, salinity incursion represents a threat to the stability of coastal wetland 

ecosystems dominated by bald cypress. 
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A crucial component of assessing the vulnerability of bald cypress to salinity 

incursion at a given site lies in the water use patterns of the species over the course of a 

growing season relative to the mode of salinity incursion (i.e. surface vs. sub-surface 

based). Root structure and rooting architecture dictate the available pools of water to an 

individual plant, and thus the vulnerability of a plant to changes in surface and 

groundwater quality. The rooting habit of bald cypress is characterized by descending 

roots that provide an anchor for the tree, as well as the production of an extensive 

surficial root system (Mattoon 1915). Additionally, individual trees can produce 

adventitious water roots that extend from the trunk of a submerged tree, but are not 

anchored to the sediment (Hook 1984b; Pezeshki et al. 1987; Vann and Megonigal 2003). 

Moreover, experimental evidence indicates that bald cypress root systems exhibit a strong 

degree of developmental plasticity (Megonigal and Day 1992; Pezeshki 1991), and both 

hydroperiod (Megonigal and Day 1992) and water salinity (Krauss et al. 1999) have been 

demonstrated to impact root morphology. Mature trees may have access to deeper 

groundwater pools through descending, anchoring roots (Krauss et al. 2009; Krauss and 

Duberstein 2010); but, root growth is often slow in continuously saturated anaerobic 

wetland sediments due to constraints on oxygen availability (Hook 1984a; Hook et al. 

1972; Megonigal and Day 1992), thus access to deeper, fresh groundwater pools that may 

be available to more mature individuals (Krauss and Duberstein 2010) is limited in young 

individuals. Personal observation of downed trees at TOWeR indicates that the 10-year 

old saplings at the site have a rooting structure that should penetrate the superficial 

aquifer below the confining gley layer (ca. 1 m depth), but does not likely extend into 

deeper, subsurface aquifers (> 3 m depth). How the rooting structure of bald cypress 
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relates to water use patterns over the course of a growing season is currently unknown 

and this represents a significant gap in our ability to predict the relative impact of surface 

and sub-surface salinity incursions on the species. 

Site Mesoclimate  

 Mesoclimate data indicate that the monthly weather patterns during the 2014 

growing season were consistent with both the 10-year weather averages and the 30-year 

climate normals for Tyrrell County, North Carolina. In addition, freshwater conditions 

(<0.5 ppt salinity) were maintained throughout the wetland in 2014, as there were no 

occurrences of saltwater incursion into the wetland throughout the year (unpublished site 

monitoring data). Therefore, both site weather and water quality data indicate that the 

2014 growing season represented an average year at TOWeR, conditions conducive for 

the measurement of representative growing season water use patterns in bald cypress 

saplings. 

Plant Water Status 

 Over the course of the 2014 growing season, early morning Ψ measurements 

demonstrated expected patterns at each transect. Early morning Ψ declined steadily 

throughout the growing season and exhibited recovery in October, two months after the 

onset of visible senescence, a time at which a decrease in daily transpiration should result 

in an increase in early morning plant water status. Early afternoon Ψ was variable at all 

transects over the course of the study period, though fairly well constrained among 

transects on a given sample date. Measurements of early afternoon Ψ were consistent 

with observations at the site over multiple growing seasons (Carmichael and Smith 2016). 

As expected, at each transect on a given sample date, early afternoon Ψ was lower than 
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early morning Ψ, with the exception of Transect 6 in June. Though unusual, afternoon 

recovery of Ψ has been previously observed at the bald cypress stand at Transect 6 at 

TOWeR (Carmichael and Smith 2016) and in riparian ecosystems (White 2015) where 

water might be more available. Overall, patterns in Ψ matched expectations based on 

both ecophysiological knowledge and available site history, providing support for the 

assertion that the 2014 growing season represented a typical year in terms of plant water 

status for bald cypress at TOWeR. 

Growing Season Water Use Patterns 

 Stable isotopic analysis of δ
2
H and δ

18
O is becoming an increasingly applied 

technique to study water use patterns in both coastal (Greaver and Sternberg 2006; 

Sternberg et al. 1991; Sternberg and Swart 1987; Wei et al. 2013) and wetland (Ewe et al. 

2007; Saha et al. 2010) vegetation. In this study, the regression lines for xylem water 

samples consistently ran lower than those of all analyzed sources, a complication that is 

somewhat common in the literature in a variety of environments (Bowling et al. 2016; 

Brunel 2009; Horton et al. 2003; Jackson et al. 1995; Snyder and Williams 2000 ; Walker 

and Richardson 1991; White and Smith 2015). It is unlikely that methodological error 

during sampling is the cause of this discrepancy, as our sampling methodology has been 

successfully applied in several prior studies conducted by our research group (Berry et al. 

2014; Berry and Smith 2013). It is possible that the observed shifts in δ
2
H could happen 

as a result of fractionation at the root level during water uptake, which has been shown in 

some halophytes and xerophytes (Ellsworth and Williams 2007) and selected wetland 

plants (Lin and da Sternberg 1993). However, fractionation in the δ
18

O signature during 

water uptake was not observed in these studies, and the experimental results herein 
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indicated shifts in both δ
2
H and δ

18
O values. Therefore, the best explanation for our 

findings is the failure to collect all water sources available to vegetation at the site. The 

missing water source is not likely a deeper groundwater pool due to extensive sampling 

of groundwater aquifers in the Albemarle-Pamlico Peninsula whose isotopic signatures 

did not provide further resolution towards the missing source. However, a possible 

explanation lies in weather variations linked to rainfall and ambient humidity patterns at 

the wetland. 

 Late night and early morning fog is a common pattern in bald cypress groves in 

the region (personal communication with Andrew Pelletier). Fog typically begins to 

accumulate in cypress wetlands around 0400 h local time and begins to dissipate 

following sunrise as temperatures warm. Oftentimes, this results in visibly moist stem 

and leaf tissue on bald cypress trees in the morning hours. These conditions are 

conducive to the occurrence of foliar and/or bark water uptake (Dawson 1998), water 

balance strategies that have not yet been demonstrated in bald cypress, but are commonly 

employed by one of its closest living relatives, Sequoia sempervirens (Lamb. Ex D. Don) 

Endl. in Pacific coastal forests (Burgess and Dawson 2004; Earles et al. 2016). In plants, 

water demand is usually highest at the leaf level where transpiration occurs (Larcher 

2003). Therefore, it is possible that foliar or bark water uptake of fog and/or overnight 

precipitation may represent an important water subsidy for bald cypress at TOWeR.  

Although fog water samples were not collected at TOWeR over the duration of 

this study, precipitation was sampled in August, September, and October. The isotopic 

signature of precipitation samples varied on a monthly basis, which is common in nearby 

coastal regions [International Atomic Energy Agency Global Network for Isotopes in 



73 

Precipitation (http://isohis.iaea.org), Cape Hatteras Monitoring site]. And, interestingly 

ANCOVA analysis during the months in which precipitation was sampled indicated a 

statistical similarity in the rate of change in δ
2
H versus δ

18
O in plant tissue and rain water 

samples, making it tempting to speculate that fog and/or precipitation may be the missing 

water source, though more research is needed to test this hypothesis and subsequently 

determine if fog water has a significant impact on plant water status in bald cypress. 

 Even though a missing water source rendered it impossible to precisely determine 

growing season water use patterns in bald cypress at the TOWeR site, seasonally episodic 

saltwater incursion events do not appear to represent a major threat to the short-term 

health and reproductive competency of bald cypress at TOWeR. However, variance in 

deuterium excess values over the course of the growing season indicate that water 

sources that are impacted by periodic saltwater incursion (e.g. surface water and sediment 

porewater) may be utilized by bald cypress at TOWeR, a finding supported by other 

studies of water use patterns in the species (White et al. 1985). Saltwater pulses at 

TOWeR are followed by the restoration of freshwater conditions (Ardón et al. 2013) and 

trees at the site are reproductively competent, indicating that saltwater incursion may not 

represent an immediate threat to the survival of bald cypress. However, Powell et al.’s 

(2016) observations indicate that important wetland ecosystem services such as carbon 

sequestration are currently impacted by recurring incursion events, highlighting the 

importance of weighing the potential benefits and consequences of hydrologic 

connectivity between coastal freshwater restoration sites and surrounding bodies of saline 

water.  
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In the long-term, a combination of sea level rise and the inland expansion of 

saltwater intrusion in both surficial waters and subsurface aquifers will increasingly 

threaten TOWeR. The synergistic impact of these combined stressors will pose a threat to 

the long-term success of the wetland restoration project, placing an emphasis on the need 

to develop restoration or management strategies that anticipate threats to ecosystems in a 

changing world. For example, in anticipation of salinity incursion at a given site, a 

restoration area could be planted with varieties of a given species that have an increased 

tolerance to salinity, a genetic trait that does exist in bald cypress (Krauss et al. 2007). 

Conclusions and Implications for Restoration Practice 

 Saltwater incursion into coastal freshwater ecosystems is a threat for which 

developers, land managers, and restoration practitioners must plan. Vegetation 

monitoring efforts at a restoration site typically operate over the long-term and involve 

plot-based ecological assessments that target growth, survivorship, and maintenance of 

community composition [for example see Needham (2006) and Wortley et al. (2013), 

among others]. While knowledge of these metrics is informative, the research described 

herein demonstrates the usefulness of the application of ecophysiological techniques to 

restoration planning and management. Standard plant ecophysiological protocol extends 

beyond the application of stable isotopic analysis to techniques designed to assess plant 

carbon and water relations, lending insight into both the recovery of ecosystem function 

and the provision of ecosystem services and opening the door to the development of a 

new sub-discipline in restoration ecology- restoration ecophysiology. 
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Table and Figure Captions 

Table III-1 Weather data from Tyrrell County, North Carolina (State Climate Office of 

North Carolina CRONOS Station #311949) during the 2014 growing season as compared 

to both 10-year averages for Tyrrell County, NC (State Climate Office of North Carolina) 

and the 30-year NOAA climate normals for Tyrrell County, NC. Error given as the 95% 

confidence interval of the mean 

Fig. III-1 Site map of TOWeR (a) in relation to the state of North Carolina and the 

Albemarle-Pamlico Peninsula (b). Circles in panel 1a denote the locations of the T. 

distichum stands in this study 

Fig. III-2 Xylem water potentials (Ψ) during early morning (0800 h local time) and early 

afternoon (1400 h local time) measurements on T. distichum saplings over the course of 

the study period at Transect 1 (a), Midpoint (b), and Transect 6 (c). Measurements were 

taken on a single branch per individual (n=5) and averaged to produce a monthly mean. 

Letters indicate significant differences (P<0.05) within a transect over time as determined 

by post hoc analysis. Asterisks indicate a significant difference in morning and early 

afternoon Ψ on an individual sample date. Error bars represent standard error 

Fig. III-3 April 2014 δ
2
H vs. δ

18
O of woody tissue of T. distichum with all measured or 

analyzed sources plotted with the regression lines for each source set at Transect 1 (a), 

Midpoint (b), and Transect 6 (c). The bolded straight line delineates the local meteoric 

water line (LMWL) for TOWeR as determined from rain water isotopic values 

Fig. III-4 June 2014 δ
2
H vs. δ

18
O of woody tissue of T. distichum with all measured or 

analyzed sources plotted with the regression lines for each source set at Transect 1 (a), 
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Midpoint (b), and Transect 6 (c). The bolded straight line delineates the local meteoric 

water line (LMWL) for TOWeR as determined from rain water isotopic values 

Fig. III-5 August 2014 δ
2
H vs. δ

18
O of woody tissue of T. distichum with all measured or 

analyzed sources plotted with the regression lines for each source set at Transect 1 (a), 

Midpoint (b), and Transect 6 (c). The bolded straight line delineates the local meteoric 

water line (LMWL) for TOWeR as determined from rain water isotopic values 

Fig. III-6 October 2014 δ
2
H vs. δ

18
O of woody tissue of T. distichum with all measured 

or analyzed sources plotted with the regression lines for each source set at Transect 1 (a), 

Midpoint (b), and Transect 6 (c). The bolded straight line delineates the local meteoric 

water line (LMWL) for TOWeR as determined from rain water isotopic values 

Fig. III-7 Variation in mean deuterium excess (d) values for xylem water of T. distichum 

with all measured or analyzed sources over the course of the study period at Transect 1 

(a), Midpoint (b), and Transect 6 (c). Error bars represent standard error 
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Fig. III-2 
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Fig. III-3 
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Fig. III-4 
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Fig. III-5 
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Fig. III-6 
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Fig. III-7  
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CHAPTER IV 

 

 

THE ROLE OF VEGETATION IN METHANE FLUX TO THE ATMOSPHERE: 

SHOULD VEGETATION BE INCLUDED AS A DISTINCT CATEGORY IN THE 

GLOBAL METHANE BUDGET? 
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Abstract 

 Currently, the global annual flux of methane (CH4) to the atmosphere is fairly 

well constrained at ca. 645 Tg CH4 yr
-1

. However, the relative magnitudes of the fluxes 

generated from different natural (e.g. wetlands, deep seepage, hydrates, ocean sediments) 

and anthropogenic sources remain poorly resolved. Of the identified natural sources, the 

contribution of vegetation to the global methane budget is arguably the least well 

understood. Historically, reviews of the contribution of vegetation to the global methane 

flux have focused on the role of plants as conduits for soil-borne methane emissions from 

wetlands, or the aerobic production of methane within plant tissues. Many recent global 

budgets only include the latter pathway (aerobic methane production) in estimating the 

importance of terrestrial vegetation to atmospheric CH4 flux. However, recent 

experimental evidence suggests several novel pathways through which vegetation can 

contribute to the flux of this globally important, trace greenhouse gas, such as plant 

cisterns that act as cryptic wetlands, heartwood rot in trees, the degradation of coarse 

woody debris and litter, or methane transport through herbaceous and woody plants. 

Herein, we synthesize the existing literature to provide a comprehensive estimate of the 

role of modern vegetation in the global methane budget. This first, albeit uncertain, 

estimate indicates that vegetation may represent up to 22% of the annual flux of methane 

to the atmosphere, contributing ca. 32-143Tg CH4yr
-1

 to the global flux of this important 

trace greenhouse gas. Overall, our findings emphasize the need to better resolve the role 

of vegetation in the biogeochemical cycling of methane as an important component of 

closing the gap in the global methane budget. 
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Introduction 

 Over a period of 100 years, methane has a global warming potential ca. 28-34× 

that of CO2 (Myhre et al. 2013); it is arguably the most well-studied trace greenhouse gas 

(GHG), as well as the second most abundant non-CO2 GHG in the atmosphere today 

(Montzka et al. 2011 ; Wuebbles and Hayhoe 2002), contributing ca. 25% of the total 

climate forcing over the past 250+ years (Shindell et al. 2009). This increase of 

atmospheric methane has been attributed to human activity (Montzka et al. 2011 ; 

Dlugokencky et al. 2011; Diffenbaugh and Field 2013), although there appears to be 

considerable interannual variability in methane emissions that cannot be clearly linked to 

corresponding variations in fossil fuel or agricultural emissions (Dlugokencky et al. 1998; 

Bousquet et al. 2006; Schlesinger and Bernhardt 2013; Wuebbles and Hayhoe 2002; 

Kirschke et al. 2013). Fluctuation in the strength of natural sources of methane emissions 

(e.g. wetlands, fire) due to interannual variations in temperature, precipitation, and large-

scale climate events (e.g. El Niño, volcanic eruptions) have been suggested as the cause 

of this variation (Bousquet et al. 2006; Dlugokencky et al. 2011; Kirschke et al. 2013). 

However, due to a lack of field-based evidence to support long-term decreases in wetland 

emissions, changes in anthropogenic-related (e.g agriculture) emissions have also been 

implicated (Wuebbles and Hayhoe 2002; Khalil and Rasmussen 1994). The source of this 

interannual variation is currently unresolved and knowledge regarding interannual 

variation in the source-sink dynamics of the various components of the global methane 

budget remains highly uncertain (Kirschke et al. 2013). 

 Methane is formed by methanogenesis, the terminal step in the anaerobic 

degradation of carbon, which occurs in nutrient-depleted, anoxic microsites within the 
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environment. There are a variety of substrates that are known to fuel methanogenesis, 

which can be broadly classified as CO2-type substrates (e.g. carbon dioxide, formate, 

carbon monoxide), methylated substrates (e.g. methanol, methylamine, dimethylamine, 

trimethylamine, methylmercaptan, and dimethlysulfide), and acetotrophic substrates (e.g. 

acetate or pyruvate), giving rise to the three main metabolic classifications of this group 

as hydrogenotrphic, methylotrophic, or acetotrophic. At present, all known methanogens 

are archaea (Paul et al. 2012; Garcia 1990). 

 Once methane is produced, this potent trace greenhouse gas has a variety of fates 

that include consumption by methanotrophic guilds in aerobic zones within the soil/water 

column (Hanson and Hanson 1996), consumption by methane-oxidizing guilds in 

anaerobic zones coupling to denitrification (Haroon et al. 2013) or in syntrophic 

relationships with sulfate-reducers (Valentine and Reeburgh 2000), or flux to the 

atmosphere from the soil/water/plant interface. A classic view of the biogeochemical 

cycling of methane at the soil/water/plant/atmosphere interface is shown schematically in 

Fig. 1. The major global sink of methane occurs via the photochemical oxidation of 

methane to carbon monoxide by the OH radical in the troposphere (Prinn 2003). 

 The global annual flux of methane to the atmosphere has been fairly well 

constrained, estimated with some accuracy at ca. 500-600 Tg CH4yr
-1 

(Schlesinger and 

Bernhardt 2013; Conrad 2009; Dlugokencky et al. 1998; IPCC 2007; Kirschke et al. 

2013). For the purpose of the present review, all calculations were made using the annual 

flux estimate of 645 Tg CH4 yr
-1

 proposed by Schlesinger and Bernhardt (2013), a value 

that represents the most recent comprehensive estimate reported in the literature to date 

that includes vegetation as a distinct, natural source of methane flux to the atmosphere. 
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Overall, the major sources of methane emissions can be divided into natural and 

anthropogenic emissions. Natural sources of methane include wetlands, oceans, 

geological seepage, termites, and vegetation. When combined, these sources are 

estimated to contribute 215 Tg CH4 to the atmosphere each year, or ca. 33% of the annual 

global methane flux (Schlesinger and Bernhardt 2013). The largest source of natural 

methane emissions is wetlands, which exhibit considerable inter-annual variability 

(Bousquet et al. 2006; Conrad 2009) due primarily to a variety of meterological factors. 

Anthropogenic sources include those associated with fossil fuel extraction and 

combustion, waste and waste management, ruminants, rice cultivation, biomass burning, 

and reservoirs. Overall, these sources contribute an estimated 430 Tg CH4 to the 

atmosphere each year (Schlesinger and Bernhardt 2013), representing ca. 67% of the 

annual global methane flux.   

 Because of the substantial role that methane plays as a contributor to global 

warming, it is essential to gain a better understanding of the sources and sinks in the 

global methane budget to reduce uncertainties in modeling future climate scenarios 

(Arneth et al. 2010 ; Bousquet et al. 2006; Kirschke et al. 2013). Among the 

aforementioned natural sources of methane, the contribution of vegetation to the global 

flux of methane is arguably the least well understood, despite being recognized as 

influencing both the production and consumption of methane via several pathways. For 

example, plants can influence soil carbon dynamics indirectly through the quality and 

quantity of litter, as well as directly by the exudation of carbon compounds into the 

rhizosphere that fuel methanogenesis (Schimel 1995; Joabsson et al. 1999; Vann and 

Megonigal 2003a; Chanton et al. 2008; King and Reeburgh 2002; Megonigal and 
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Guenther 2008). Plants can also influence methane-oxidation by rhizosphere oxygenation 

(Colmer 2003); in extreme cases this process has led to the complete attenuation of 

methane emissions from wetlands (Fritz et al. 2011). Additionally, vascular plants can 

play a role in the transport of methane, acting as a conduit from the soil (Dacey and Klug 

1979; Rusch and Rennenberg 1998) that bypasses the attenuating role of soil and 

or/aquatic microbiota. More recently, Keppler et al. (2006) identified a novel aerobic 

mechanism of methane production stemming from pectin-degradation in plants (Keppler 

et al. 2008), implicating plant material as an important direct source of methane 

emissions. Thus, the role of vegetation in both the direct and indirect modulation of 

methane flux to the atmosphere has been established through both field and laboratory 

analyses.  

 Several field-based and modeling studies have included vegetation as a relevant 

agent in the biogeochemical control of trace GHG emissions and/or fluxes [for a good 

example see Matthews and Fung (1987)]. However, there can be difficulty in accounting 

for the relative importance of vegetation when individual components (e.g. soil-

atmosphere, water-atmosphere, or plant-atmosphere) of plot-level or ecosystem-level 

methane flux are not measured. In addition, when vegetation flux is measured, it would 

be helpful for researchers to identify the hierarchical level at which their analysis 

occurred (e.g. species, plant functional type, community), as differences may exist in flux 

rates based on the scale of analysis. When included in global budgets, the contribution of 

vegetation to the flux of methane is often limited to aerobic methane production (Conrad 

2009; Schlesinger and Bernhardt 2013; IPCC 2007; USEPA 2010). However, the most 

recent global methane budget produced by the IPCC (Ciais et al. 2013) eliminated 
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vegetation entirely as a distinct category of methane flux to the atmosphere due to 

concern regarding the significance of aerobic methane production by vegetation on a 

global scale. Historically, these global budgets have neglected additional ways that 

vegetation could contribute to the global methane budget indirectly, as conduits for soil-

borne emissions and by facilitating the colonization of anaerobic microenvironments by 

methanogenic microorganisms. Therefore, the specific goal of the present literature 

review was two-fold: 1) to synthesize the existing information regarding the role of 

vegetation in the biogeochemical cycling of methane in natural environments, thus 

vegetation-related sources such as rice cultivation and ruminants were not included 

within the scope of this review, and 2) to attempt to quantify the relative importance of 

direct and indirect plant-based emissions of CH4 on a global scale. As a result, the 

literature selection strategy for this review targeted newer studies that provide methane 

flux estimates and did not focus on the development of a process-based understanding of 

the mechanisms supporting methane flux to the atmosphere by vegetation. Although the 

focus of this synthesis is on extant vegetation in natural ecosystems, it is important to 

note that, over geological time scales, plant derived carbon supports the modern methane 

budget through the anaerobic degradation of organic matter and carbon compounds that 

can ultimately be traced to the autotrophic activity of either plants or microorganisms. 

Direct Emission of Methane by Vegetation: Aerobic Methane Production  

Until recently, the scientific consensus existed that the major methane sources had 

been identified. However, Keppler et al.’s (2006) finding of aerobic methane production 

from plant biomass [recently reviewed by Bruhn et al. (2012) and Keppler et al. (2009)] 

caused scientists to re-evaluate the global methane budget.  Field emissions from Keppler 
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et al.’s 2006 study were upscaled using annual net primary production, indicating a 

source strength in the range of 62-236 Tg CH4 yr
-1

, ca. 10-37% of the annual global 

methane budget (Table 1). Uncertainties in the global methane budget can easily 

accommodate an additional methane source in the range of 50-100 Tg yr
-1

(Keppler et al. 

2009; Frankenberg et al. 2005). Thus, the identification of this novel pathway of aerobic 

methane production in plants had the potential to reduce uncertainty regarding methane 

flux to the atmosphere. However, Keppler et al.’s findings were controversial (Dueck et 

al. 2007; Houweling et al. 2006; Kirschbaum et al. 2006; Parsons et al. 2006), due to the 

choice of annual net primary production as a method of upscaling in situ methane 

emissions, along with errors in calculations. Therefore, several researchers attempted to 

revise Keppler et al.’s estimation of source strength by using more appropriate methods 

of upscaling such as modeling, mass balance, and/or estimates of above-ground net 

primary productivity (Table 1). The large range in these upscaled values (0-236 Tg CH4 

yr
-1

; Table 1) indicates a high degree of uncertainty, which was reinforced by the varying 

degree of success in other’s attempts to replicate Keppler et al.’s initial findings using a 

variety of methods employed at various structural hierarchical levels in plants (Table 2). 

 An additional degree of uncertainty regarding aerobic methane production in 

plants exists due to a fundamental lack of understanding of the mechanistic pathways 

involved in aerobic methane production. As a result, recent research has focused on the 

biochemical level to better elucidate the mechanism(s) of aerobic methane production in 

plant tissue (Table 3). Many of these studies point to stress-induced degradation of the 

methoxyl groups contained in either pectin (Vigano et al. 2008; Messenger et al. 2009; 

McLeod et al. 2008; Keppler et al. 2008) or lignin (Vigano et al. 2008) as possible 
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sources for methane production. It is important to note that these structural tissues can 

comprise a large percentage of plant biomass. Pectin can represent 7-35% of the cell wall 

material in leaves, and lignin can represent up to 31% of total woody tissue content 

(Keppler et al. 2004). In addition, a few common pathways exist among the recognized 

mechanisms for aerobic methane production. All seem to involve environmental stressors 

(e.g. UV irradiance, temperature, H2O, microbial attack, herbivory) and appear to operate 

via the generation of reactive oxygen species (ROS), leading to methoxyl group 

degradation and the production of methane.  

It is worthwhile to note that a few of the environmental stressors mentioned, such 

as UV irradiance, temperature, and herbivory by insect pathogens, are predicted to 

increase (McKenzie et al. 1999; Kurz et al. 2008; IPCC 2007) as a result of stratospheric 

ozone depletion, increases in greenhouse gases, and drought and temperature induced 

stress in vegetation respectively, making it tempting to speculate that aerobic methane 

production by vegetation may exert an increasingly strong impact on the annual flux of 

methane to the atmosphere in the future. However, future experiments on the role of 

environmental stressors in inducing aerobic methane production in plants should be 

carefully designed to include a range of UV exposure and/or temperatures that are likely 

to occur according to future predictions of climate change models. In addition, new lines 

of research should be established to investigate the impact of herbivory on aerobic 

methane production, addressed by only a single experiment conducted to date that 

simulated herbivory by excising leaf material (Wang et al. 2008). 

 According to biochemical studies of plant structural tissues, it is clear that plants 

can be a source of methane. However, fundamental questions remain, namely: 1) what is 
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the importance of this process on a global scale (Table 1) and 2) how prevalent are these 

processes in natural environments (Table 2, 3). The impact of environmental stressors on 

aerobic methane production has largely been studied in highly artificial lab settings, 

while field-based studies are lacking. Future work should address these issues, in addition 

to investigating the potential role of leaf litter and coarse and fine woody debris as 

possible additional sources of aerobic methane emissions (Dueck and van der Werf 2008). 

Currently, the most accurate estimates regarding the role of aerobic methane production 

in plants in the global methane budget are likely those that include measures of above-

ground, net primary productivity as a way of upscaling to the landscape level 

(Kirschbaum et al. 2006; Parsons et al. 2006; Butenhoff and Khalil 2007). So far, these 

studies indicate a source strength in the range of 8-60 Tg CH4 yr
-1

, ca. 1.2-9% of the 

mean annual global methane budget (Table 1, Fig. 2). However, the significance of 

aerobic methane emissions by vegetation on a global scale has recently been questioned, 

as evidenced by the elimination of vegetation as a distinct source in the most recent 

global methane budget produced by the IPCC (Ciais et al. 2013).  

Indirect Emissions of Methane by Vegetation 

Cryptic Wetlands 

 Globally, wetlands represent 8,219-10,119 km
2
, or 6.2-7.6% of the total land 

surface area (Lehner and Döll 2004). These water-saturated terrestrial environments 

typically generate anoxic conditions conductive to methanogenesis (Conrad 2009) and 

are the dominant natural source of methane globally (Wuebbles and Hayhoe 2002; 

Dlugokencky et al. 1998; Conrad 2009; Schlesinger and Bernhardt 2013). In addition to 

the large-scale, permanently flooded wetlands that are easily observed across a landscape, 
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there are several other types of wetland communities, termed cryptic wetlands (Table 4) 

that are either smaller, only seasonally inundated, or are simply difficult to delineate 

visually by an observer or via remote sensing. 

These cryptic wetlands (Table 4) form as a result of changes in landscape 

topography and geomorphology (e.g. bole depressions) or by water being trapped in plant 

cisterns (e.g. phytotelmata such as hollow bamboo internodes, non-bromeliad leaf axils, 

pitcher plants, tank bromeliads, tree holes). As with their larger/more easily recognized 

counterparts, the development of anoxic conditions in these types of cryptic wetlands can 

lead to colonization by methanogenic archaea (Krieger and Kourtev 2012) and/or 

production of methane (Goffredi et al. 2011; Martinson et al. 2010). Though individually 

small, the vast numbers of plant cisterns could lead to a high cumulative atmospheric 

methane flux, emphasizing the importance of including these ecosystems in the global 

methane budget (Yavitt 2010). 

 The quantification of methane flux generated by cryptic wetlands is difficult due 

to uncertainty regarding the global extent of these environments. Two separate studies 

(Goffredi et al. 2011; Martinson et al. 2010) have attempted to upscale emissions from 

one category of cryptic wetland, tropical tank bromeliads to the global level. Goffredi et 

al. (2011) utilized in vitro tank water cultures to estimate tank bromeliad methane 

emissions, and then upscaled measured values to the global level using bromeliad density 

estimates from previously published studies. Martinson et al. (2010) measured field 

emission rates and then utilized density estimates for bromeliads at the site, plus 

previously reported values for the total area of neotropical forests found worldwide, to 

upscale emissions estimates to the global level. These studies indicated a maximum 
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contribution to the global methane budget of 1Tg yr
-1

of tank bromeliads, or 0.2% of the 

annual global methane budget, calculated for the present review using the mean global 

methane budget of 645Tg CH4 yr
-1

(Schlesinger and Bernhardt 2013). Overall, this value 

represents a relatively small but highly uncertain contribution to the global methane 

budget. When contributions of this level include future estimates for other classes of 

cryptic wetlands, most of which are poorly researched, the overall contribution by cryptic 

wetlands may become significant on a global scale. However, it is pertinent to note that 

the magnitude of the importance of these smaller classes of cryptic wetlands to the global 

methane budget is highly dependent on accurate estimates of their global coverage and 

corresponding rate of methane production. 

Heartwood Rot 

 In 1907 Bushong first documented the release of a flammable gas from tree trunks 

that was accompanied by what was later described as a “fetid, rumen-like odor” (Schink 

et al. 1981; Zeikus and Ward 1974). This observation led researchers to investigate the 

origin of these high-pressure gas emissions from tree trunks, leading to the first 

identification of microbial colonization of wetwood and/or hardwood (Zeikus and 

Henning 1975; Zeikus and Ward 1974) as the source of this flammable gas, methane. 

These methanogens likely exist in a syntrophic relationship with facultative, anaerobic 

bacterial populations that are responsible for the decomposition of wood (Zeikus and 

Henning 1975; Zeikus and Ward 1974; Schink and Ward 1984; Schink et al. 1981; 

Beckmann et al. 2011a; Beckmann et al. 2011b). Trees are generally resistant to decay 

and microbial infection as long as structural integrity is maintained (Wagener and 

Davidson 1954), but may become infected as a result of an exposed wound on the axis of 
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a stem or xylem (Shigo and Hillis 1973). Microbial migration leads to colonization within 

wetwood and heartwood and leads to decay and decomposition of plant structural 

components (Wilcox 1970). 

 A variety of tree species are vulnerable to heartwood rot, and an individual tree’s 

susceptibility to microbial colonization and decay varies by species, site, age-class, and 

management history, as well as among individuals (Wagener and Davidson 1954). Yet, 

methane release from plants as a result of heartwood or wetwood rot is largely ignored on 

a global scale (Bonan 2008; Conrad 2009); and, until recently, estimations of emission 

rates from rotting trees were non-existent. Covey et al. (2012) recently quantified 

methane production from heartwood rot in a temperate upland forest, documenting 

methane concentrations in trunks greater than 15,000 µL/L, ca. 80,000× atmospheric 

methane concentration.  Trees located in well-drained upland soils had trunk methane 

concentrations 2.3× greater than trees in more poorly drained lowland areas, providing 

evidence that trees were the source ofin situ methane production, rather than simple 

conduits for soil-borne emissions. Anaerobic cultures of wood core material produced 

methane at a flux of 7.1±1.3 µg CH4 m
-3

s
-1

, a value that was upscaled to a local field flux 

of 52±9.5 ng CH4 m
-2

s
-1

. Assuming that this flux is typical of temperate tree species 

worldwide, Covey et al.’s field estimates can be further upscaled using values reported in 

Schlesinger and Bernhardt (2013), adjusted for the average standing timber loss from 

heartwood rot for the United States as reported in Wagener and Davidson (1954) (Table 

5), to generate a global estimate of methane emissions due to heartwood rot in temperate 

forests worldwide of ca. 2-3 Tg CH4 yr
-1

, or 0.3-0.4% of the annual global methane 
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budget (Fig. 2). This figure represents a conservative estimate for this source of methane 

due to the lack of data regarding timber loss worldwide. 

 Although Covey et al. (2012) reported that decay processes in living vegetation 

may be a source of methane flux to the atmosphere, experimental results did not clarify 

whether or not the methane produced might be released from the tree, plant canopy, or 

both. Thus, it remains unclear whether heartwood rot contributes to atmospheric methane 

flux. Future research should seek to address this question, in addition to 1) determining 

whether methane production due to heartwood rot is important globally, 2) validating the 

importance of this process in both upland and lowland forests, and 3) investigating the 

potential for the occurrence of methanotrophic bacterial guilds within infected trees that 

may act to attenuate methane emissions and/or provide a non-atmospheric source of CO2 

to the plant host (Raghoebarsing et al. 2005). If the latter is demonstrated, our view of 

this interaction between plant host and microbe may shift from that of parasitism to 

mutualism, as sapwood is rarely impacted by heartwood infection (Wagener and 

Davidson 1954) and trees can survive for many years after infection. 

Coarse Woody Debris and Litter; Methane Flux from Dead Vegetation 

 Dead vegetation in the form of standing or fallen woody debris could contribute 

to the flux of methane in three possible ways: 1) aerobic methane production in dead 

plant material (Dueck and van der Werf 2008; Keppler et al. 2008), 2) dead culms and/or 

trees acting as conduits for soil-born methane emissions (Brix 1990; Dingemans et al. 

2011), and 3) as woody debris or standing dead vegetation facilitating anaerobic 

microenvironments that could be colonized by methanogenic archaea. This section of the 

synthesis will focus on the latter topic, as the first two are addressed in the sections on 
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Direct Emissions of Methane by Vegetation: Aerobic Methane Production and Methane 

Transport through Herbaceous and Woody Plants respectively. 

 Dead vegetation is an important component of forest carbon budgets (Litton et al. 

2007) and represents a substantial, dynamic carbon stock (Cornelissen et al. 2012). There 

are four major classes of dead vegetation: standing biomass (e.g. dead trees), coarse 

woody debris (e.g. fallen trees and large logs), fine woody debris (with a diameter 

between 0.5-10 cm), and leaf litter. Decomposition of woody debris by weathering and 

microbial activity can be influenced by a variety of factors (Chambers et al. 2000; 

Cornelissen et al. 2012; Cornwell et al. 2009; van Geffen et al. 2010; Freschet et al. 2012; 

Harmon 2001; Janisch and Harmon 2002; McCarthy and Bailey 1994), some of which 

(e.g. anatomical traits such as high bark thickness, high wood density and low wood 

porosity, and chemical traits such as wood composition) are conducive to the formation 

of methanogenic microenvironments that are characterized by slow decay rates, poor 

oxygen diffusion, and rapid consumption of oxygen when available. However, a lack of 

detailed knowledge regarding how these traits interact quantitatively confounds the 

ability to predict carbon, and thus methane, fluxes as a result of decomposition processes 

(Cornwell et al. 2009). Regardless, decomposition, depending on microsite 

environmental factors, ultimately leads to the evolution of CO2 or CH4. 

 In aerobic environments, CO2 evolution, as a result of microbial degradation of 

coarse woody debris, has been reported to contribute to a substantial portion of the total 

carbon loss in tropical forests (Saleska et al. 2003; Chambers et al. 2001). Methane 

evolution as a result of methanogenic degradation of woody debris in anaerobic 

microsites could also contribute to the carbon flux; however, it has yet to be quantified at 
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the landscape-level. Methanogenic colonization has been documented in decaying logs in 

abandoned gold mines (Abraham et al. 1989; Beckmann et al. 2011a; Beckmann et al. 

2011b; Krüger et al. 2008) and in the guts of xylophagous (e.g. wood-eating) arthropods 

(Brune and Friedrich 2000; Rasmussen and Khalil 1983; Hackstein and Stumm 1994), 

both of which are sources of methane emission. Termites in particular have been 

recognized for several years as a potentially important source of atmospheric methane 

(Zimmerman et al. 1982). Globally, methane emissions from termites were estimated to 

contribute ca. 19 Tg CH4 yr
-1

 to the total annual flux of methane (Sanderson 1996). 

Moreover, this total would likely increase considerably if methane emissions from other 

classes of xylophagous insects were included.  

 Globally, forests cover up to 30% (42×10
6
 km

2
) of the land surface area 

(Anderegg et al. 2012; Anderegg et al. 2013) and represent one of the largest carbon 

stocks on the Earth. Climate change is predicted to impact the biogeochemistry of forest 

ecosystems both directly and indirectly through a variety of mechanisms (Dale et al. 

2001), many of which (e.g. higher temperatures and increased drought worldwide) may 

act synergistically to compound ecosystem stress and result in an increase in the stock of 

dead vegetation due to mortality events. In addition to exerting direct physiological 

effects that can lead to mortality, stress can also indirectly impact healthy vegetation by 

increasing the susceptibility of vegetation to colonization by insects and/or pathogens 

(Dale et al. 2001), which can ultimately lead to mortality events capable of converting 

forests from net carbon sinks to sources (Kurz et al. 2008). 

The measurement of dead carbon stocks in forests can be an overwhelming task 

(Brown 2002). As a result, there is massive uncertainty regarding the contribution of dead 
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wood decomposition to the global carbon budget (Delaney et al. 1998; van Geffen et al. 

2010), which has the potential to become increasingly important in future climate change 

scenarios due to  predicted increases in forest loss (Bonan 2008; Anderegg et al. 2012; 

Anderegg et al. 2013). Understanding the contribution of all classes of dead vegetation in 

the global methane budget is a glaring omission in the existing knowledge regarding the 

global carbon cycle. At present, the only estimated flux we can include in this category is 

the CH4 produced by termites feeding on dead wood, representing an almost certain 

underestimate of dead wood fluxes of 19 Tg CH4 yr
-1

, ca. 3% of the annual global 

methane budget (Fig. 2). 

Methane Transport through Herbaceous Plants 

 Herbaceous plants are defined by a lack of woody tissue in stems and, along with 

aquatic macrophytes, are often dominant members of wetland plant communities. 

Wetland plants often exhibit a suite of traits (e.g. development of aerenchyma, elongated 

shoot formation, pressurized ventilation, and underwater photosynthesis) to combat the 

exceedingly slow diffusivity of nutrient gases (e.g. O2and CO2) in water (Colmer 2003; 

Voesenek et al. 2006). These structural adaptations, along with the transpiration stream of 

the plant, act to move O2 into the plant tissue and rhizosphere, and also provide a 

pathway for the efflux of CO2 and other soil-borne gasses. It is widely recognized that 

both live and dead wetland vegetation can act as a conduit for methane efflux from the 

soil (Brix 1990; Dingemans et al. 2011; Joabsson et al. 1999; Laanbroek 2010; Singh and 

Singh 1995; Sebacher et al. 1985). This flux represents a direct pathway from the soil to 

the atmosphere, thus bypassing the attenuating role of soil (van der Nat and Middelburg 

1998) and aquatic (Heilman and Carlton 2001) guilds of methanotrophic microorganisms. 
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However, Raghoebarsing et al. (2005) recently identified a novel symbiosis between 

Sphagnum spp. and methanotrophic symbionts, whereby the microflora associated with 

Sphagnum stems oxidized methane, providing a non-atmospheric source of CO2 to the 

plant. These findings suggest that the methane trapped in vascular plant conduits may be 

partially attenuated by plant-associated microbiota and assimilated subsequently by the 

plant host.  

 As previously mentioned, there is an extensive existing body of literature on the 

role of herbaceous plant species in methane flux from wetlands, the dominant source of 

methane worldwide. These studies have come from boreal and arctic ecosystems (Table 6) 

and temperate latitudes (Table 7). After an extensive literature search, we were unable to 

find any evidence of studies on herbaceous plants as sources of methane emissions in 

natural environments within the tropics. However, it is important to note that tropical 

latitudes represent a significant source of methane (Frankenberg et al. 2005), and 

vegetation-mediated pathways are probably important, given the extensive range of 

permanently and seasonally inundated tropical soils. It is also worth noting that, like 

seasonally inundated wetlands, cryptic wetland environments such as roadside ditches, 

are typically colonized by a variety of herbaceous plant species and may be a significant 

source of methane flux to the atmosphere. The importance of these environments to the 

annual flux of methane to the atmosphere is currently unknown, but could be determined 

using resources such as the Global Roads Open Access Data Set (Center for International 

Earth Science Information Network- CIESIN - Columbia University 2013) when 

combined with published methane flux estimates from species such as Typha spp. (Yavitt 

and Knapp 1995, 1998) that typically colonize these environments. Collectively, existing 
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studies indicate that herbaceous plants represent ca. 28->90% of the total ecosystem-level 

methane flux from wetlands, and that there are a variety of factors from soil 

characteristics to plant structural traits, ecosystem-level controls, and species interactions, 

that modulate methane flux in wetland ecosystems [Tables 7-8, additionally reviewed by 

Whalen (2005)]. Though not included within the scope of this review, there is an 

extensive body of literature that addresses gas transport mechanisms in plants, which is 

an important component for the  understanding the environmental and structural controls 

on plant-associated methane flux. Further reading on this topic can be found in Arkebauer 

et al. (2001), Chanton et al. (2002), Chanton et al. (1993), Grosse et al. (1996), Grosse et 

al. (1991), Grosse et al. (1992), Morrissey et al. (1993), Whiting and Chanton (1996), and 

Yavitt and Knapp (1998). 

 At present, upscaling methane flux from herbaceous plants to the landscape and 

globe is difficult. Any ability to estimate the global contribution of this source depends 

on the existence of  1) a standardized method for methane flux measurements, in terms of 

the structural hierarchy of possible measurements (e.g. leaf, whole plant, stand, or canopy 

level) and the protocol chosen for quantifying of methane flux, 2) flux measurements 

taken across the complete geographic extent of a species or community type, and 3) an 

accurate quantification of the total release of methane based upon the distribution range 

of each species and their corresponding flux values. At the site level, much of the work 

that would be required to more accurately measure plant-atmosphere flux in wetlands 

would be labor intensive. Therefore, the application of micrometerological techniques for 

measuring ecosystem-level flux could be a more feasible way to address some of these 

issues across a larger footprint. However, the use of large-scale techniques does not 
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provide the finer scale resolution required to determine 1) the relative contribution of 

soil-atmosphere, water-atmosphere, and plant-atmosphere methane flux in a wetland 

system or 2) controls on plant-atmosphere methane flux. Therefore, the use of 

micrometerological techniques should be coupled with bottom-up measurements of the 

individual components (e.g. soil/plant/water-atmosphere methane flux) to further resolve 

the uncertainties mentioned above. 

With the variety of factors that appear to impact plant flux, methodological 

differences in both the scale of measurements and the method of flux quantification (a 

source of bias), and the difficulty of estimating global species distributions, it is difficult 

to provide an accurate estimate of the relative contribution of herbaceous plants to the 

global methane budget. However, it is clear that this source is a potentially important 

pathway for global methane flux from wetlands, and that studies of wetland methane flux 

solely at the soil-level may be missing an important pathway (ca. 28->90%) of the total 

methane flux from wetland ecosystems. This omission introduces a major degree of 

uncertainty in the global estimation of methane emissions from wetlands, the dominant 

source of methane flux to the atmosphere worldwide and the dominant source of 

uncertainty from any emission category within the global methane budget (Kirschke et al. 

2013). We suggest that a significant portion of this uncertainty is tied to the historic 

omission of the role of the herbaceous and woody plant pathways in methane flux from 

wetlands. 

Methane Transport through Woody Plants 

 In 1991, Schütz et al. first proposed tree stems as a possible source of methane 

flux to the atmosphere in wetlands. This proposal was later confirmed in1998 when 
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Rusch and Rennenberg identified woody plants as potential conduits for methane and 

nitrous oxide flux from soils. In this study, researchers raised commercially-purchased 

black alder [Alnus glutinosa (L.) Gaertn.] trees in pots in the field using soil that was 

transplanted from an alder swamp. After one year of growth in the field, the trees were 

moved to the greenhouse where roots were fumigated with CH4 and N2O. Trunk/stem 

emissions of CH4 were measured using a static flux chamber and quantified by gas 

chromatography. Results showed that 1) stem methane efflux increased with methane 

concentrations in the roots and 2) that flooded soil conditions led to methane flux rates up 

to 3,750 µmol CH4 m
-2

h
-1

. In addition, these flux rates were dependent on stem porosity 

and tree size. These results are especially important when considering the large number 

of tree species found in wetland habitats, suggesting that woody plants may be an 

important and overlooked source of methane emissions in wetlands. 

 Since the initial study above, there have been only a handful of subsequent studies 

to evaluate the role of woody plants in ecosystem methane flux. Two additional 

greenhouse studies (Garnet et al. 2005; Vann and Megonigal 2003b) have investigated 

this pathway in another common forest species of wetlands/swamps, the bald cypress 

(Taxodium sp.). This species is well known for the growth of pneumatophores as an 

adaptation to anoxic conditions in flooded soils. Vann and Megonigal’s (2003) study 

found1) an increase in whole-plant methane emissions in response to flooded soil 

conditions and 2) a correlation between methane efflux and photosynthesis. Garnet et 

al.’s 2005 study revealed a possible link between plant leaf-level physiological controls 

and methane emissions in commercially grown plants raised in a greenhouse. However, 

researchers did not address the importance of plant structural traits, especially those that 
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can have a strong influence on internal gas diffusion, which ultimately control gas fluxes. 

Regardless, these greenhouse studies demonstrated the potential role of woody plants in 

methane efflux from soils, but it remains unclear how well the experimental design in 

these studies simulated field conditions as data represent two species that were obtained 

from a limited set of commercial lineages. 

 In order to bridge the gap between greenhouse and field measurements, recent 

studies have utilized mesocosm experiments in an attempt to more closely approximate 

field conditions. (Rice et al. 2010) investigated methane flux in three common wetland 

species, Frazinus latifolia, Populus trichocarpa, and Salix fluviatillis, using a 

combination of whole-plant, flux chambers fitted with tedlar bags around branches to 

confirm methane emission from plant biomass. Results from this experiment confirmed 

that woody plants are a source of methane flux to the atmosphere; however, the dominant 

pathway for methane emission (e.g. leaf vs. stem) was not clearly elucidated by these 

experimental results. Rice et al. (2010) used their atmospheric flux estimates to provide 

the first global estimate for methane flux from woody vegetation (60±20 Tg CH4 yr
-1

),
 

indicating that the woody plant pathway is important globally. However, emission rates 

were normalized using leaf area, which assumes stomatal control as the dominant 

pathway for methane flux to the atmosphere in woody plant species. Recent studies, such 

as those by Pangala et al. (2012 and 2013), indicate that trunk and stem emissions may 

play a more important role than leaf emissions in some woody species, adding a source of 

uncertainty for the initial estimates (Rice et al. 2010). A second mesocosm study by 

Pangala et al. (2013) took a mechanistic approach to the woody plant pathway, seeking to 

determine controls on methane emission from Alnus glutinosa saplings. This study 
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demonstrated that stem surfaces are a dominant pathway of methane emissions from A. 

glutinosa and that water table depth and stem lenticel density exert strong controls on 

methane flux values. 

 Several recent studies have addressed the role of woody plants in methane flux 

under field conditions in both temperate (Table 8) and tropical (Table 9) wetlands. 

Collectively, these studies demonstrate 1) that there are a broad range of woody plant 

species that are capable of conducting methane from wetland sediments to the 

atmosphere and 2) there are a variety of factors, from rhizosphere interactions, to plant 

structural traits, to abiotic controls, that impact the magnitude of methane flux from soils 

via this pathway. In temperate wetlands, existing data indicates that woody plants may be 

responsible for ca. 0-16% of the total ecosystem methane flux (Table 8), while in tropical 

wetlands this contribution may be much higher, representing 62-81% of total ecosystem 

level flux (Table 9, Pangala et al. 2012). In addition to tropical areas with permanently 

flooded soils, seasonal/ephemeral wetlands may also represent a source of methane flux 

via woody plants. These transient ecosystems are dominant seasonal landscape features in 

the tropics (Hess et al. 1995; Hess et al. 2003) and are known sources of methane 

emissions (Boon et al. 1997; Melack et al. 2004).  

 Acknowledging the limitations of current data, we made a first attempt at 

estimating the contribution of woody plants to global methane emissions (Fig. 2) using 

data obtained from field measurements. To estimate the contribution of woody plants in 

temperate (Table 8) and tropical (Table 9) wetlands, we upscaled field emission rates 

from each study (when possible)using the global area for temperate and tropical forested 

wetlands respectively as reported in (Matthews and Fung 1987). These calculations 
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indicate a maximum contribution to the global annual flux of methane of 0.2 Tg CH4 yr
-1

 

from temperate forested wetlands and 1.8 Tg CH4 yr
-1

 from tropical forested wetlands, or 

ca. 0.2% of the global annual methane flux.  Our preliminary estimates are based on two 

core assumptions that are unlikely to be met: that the flux from woody plants is constant 

both inter- and intra-specifically and spatially and temporally. For the purpose of this 

review, a range in estimating the contribution of the woody plant pathway to methane 

flux to the atmosphere, will be presented, one that is our conservative estimate calculated 

from published field values compared to a more liberal estimate from mesocosm 

experiments (Rice et al. 2010). Even though there is a large degree of uncertainty in these 

estimated values, it is clear that woody plants likely play a significant role in methane 

flux from wetlands globally. Thus, studies that ignore the role of woody species in 

methane flux from wetland ecosystems probably underestimate  source-strength at the 

site level, especially in the tropics where woody plants pathway may represent up to 81% 

of the total ecosystem level methane flux (Pangala et al. 2012).  

Herbivory and Methane Transport through Herbaceous and Woody Plants 

 An emerging viewpoint regarding the role of the plants in wetland methane 

emissions is the influence of herbivory on methane fluxes. Several studies have evaluated 

the potential impact of herbivory on methane emissions from herbaceous plant species 

using artificial manipulation of vegetation (e.g. clipping) in a variety of environments 

(Table 10). These clipping experiments suggested a dependence on multiple variables, 

including where the vegetation is severed (e.g. above or below the water level), the plant 

species studied (Cheng et al. 2007; Ding et al. 2005), and a host of abiotic environmental 

factors. At present, there are only two studies that have addressed the impact of herbivory 
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on herbaceous plant methane fluxes under natural field conditions (Bodelier et al. 2006; 

Dingemans et al. 2011). Bodelier et al.’s study reported that soil bioturbation, as a result 

of foraging activity by swans feeding on Potamogeton pectinatus L. (fennel pondweed) 

tubers, had both direct and indirect impacts on methane flux, resulting likely in an 

attenuation of methane emissions from the soil. In a more recent study, Dingemans et al. 

(2011) indicate that shoot clipping by grazing geese increased plot-level methane flux 

approximately 5 fold when compared to control plots without grazing. This increase in 

flux could result from a decreased resistance to methane diffusion (as a result of shoot 

clipping), or possibly as a result of Venturi-induced pressure flows in the clipped stems 

(Armstrong et al. 1992; Armstrong et al. 1996). In addition, it is unknown how browsing 

activities by herbivores may impact methane emissions from woody plant tissue 

(discussed below). 

 Browsing represents a specialized subset of herbivory in which animals obtain 

nutrition from grasses, as well as leaves, stems, and bark. To our knowledge, the impact 

of browsing on vegetation has not been studied with respect to the global methane budget. 

Nevertheless, there are several possible links between this form of herbivory and methane 

flux from vegetation. First, as with herbivory, browsing activity could result in an 

increase in methane flux from vegetation as plant tissue is severed. This release of 

methane could occur as a result of a decrease in gas diffusion resistance, a release of the 

build-up of the partial pressure of methane in plant adaptations to waterlogged conditions 

[as suggested byKelker and Chanton (1997)], or as a result of Venturi-induced pressure 

flow (Armstrong et al. 1992; Armstrong et al. 1996) in clipped vegetation . Currently, the 

impact of severed vegetation due to browsing has not been evaluated, although browsing 
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simulation experiments, similar to those described in McLaren (1996), would be useful to 

provide preliminary evidence to support or refute this proposed pathway of methane flux 

to the atmosphere. 

 The activity of wood-boring insects represents an additional dynamic interaction 

that could influence the atmospheric flux of methane from vegetation in both positive and 

negative ways. Wood-boring insects can colonize healthy trees, but are often attracted to 

weakened, stressed, or dead vegetation (Drees et al. 1994). As the larvae of these insects 

tunnel their way through the protective outer layers of a tree to reach the sapwood, they 

leave an intricate network of passages that can 1) increase the porosity of wood and 2) 

provide channels for gas exchange that may also promote pathogenic infection of both 

living (e.g. sapwood) and non-living (e.g. heartwood) tissue by bypassing structural 

defenses. As a result, an increase in the incidence of heartwood rot may occur. If a tree is 

already infected by the causative agents of heartwood rot, holes produced by wood-

boring insects could lead to the efflux of methane from anaerobic microsites within the 

tree. After this pressure-induced blow out, the increase in wood porosity would also 

allow oxygen to penetrate deeper into the core, decreasing the potential for further 

methane production. Wood-boring insects are also known to infest dead vegetation 

(Zhong and Schowalter 1989), in which case an increase in the porosity of wood would 

potentially result to similar effects as those described above. Although the scenarios 

described here are speculative in nature, it is worthwhile to point out these potential 

interactions between vegetation and woody plant herbivores that could impact the annual 

flux of methane to the atmosphere.  
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Conclusions 

 As estimated in this literature synthesis, plant-based methane emissions, represent 

a source of 32-143 Tg CH4yr
-1

, roughly 5-22% of the total global methane budget (Fig. 2, 

Fig.3). Direct emissions of methane via the aerobic methane production pathway account 

for ca. 25-42% of plant-based emissions, with indirect pathways representing ca. 58-75% 

of the total contribution of vegetative fluxes. There is a large degree of uncertainty in 

these estimates, primarily because historically recognized plant-based pathways have 

received little attention. In addition, several of the pathways discussed herein (e.g. 

aerobic methane production, heartwood rot, and the role of woody plants in methane flux) 

have only recently been recognized by researchers. However, if the greatest values of 

these estimates are accurate, vegetation would match wetlands as the dominant source of 

methane flux to the atmosphere from natural systems (Fig. 3) and provide a compelling 

argument for the re-introduction of vegetation as a distinct category of natural methane 

emissions in the global methane budget.  

The most recent global methane budget published was constructed in a review by 

(Kirschke et al. 2013) that estimated the global methane budget over the past three 

decades by comparing top-down and bottom-up approaches and providing estimates for 

uncertainty in each emission category. Vegetation was not included as distinct categories 

in this review, but sources associated with vegetation (e.g. natural wetlands and other 

natural sources) were included. For these sources, the agreement between top-down and 

bottom-up estimates was medium to low, partially due to the limited number of studies 

available to make comparisons and draw conclusions. However, the values associated 

with methane flux from natural wetlands and other natural sources exhibited a high 
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degree of uncertainty, 50 and100% for natural wetlands and other natural sources, 

respectively. Anthropogenic sources were estimated with much higher confidence and a 

lower degree of uncertainty. In the 2000’s, Kirschke et al. estimated a global methane 

source strength of 548 (range 526-569) Tg CH4 yr
-1

via a top-down approach. The low 

and high end of this estimate create a range of 43 Tg CH4 yr
-1

, which nicely matches 

additional studies which indicate that the global methane budget can accommodate an 

additional source(s) in the range of 50-100 Tg CH4 yr
-1 

(Frankenberg et al. 2005; Keppler 

et al. 2009). The values for plant-based emissions estimated in the present review fall 

within the same order of magnitude as this range. Therefore, research in this area appears 

to be an important component for closing the global methane budget and will clarify 

whether the contribution of vegetation-based emissions of methane is closer to 50 or 100 

Tg CH4 yr
-1

. 

 Over the past 30 years, the annual flux of methane to the atmosphere has varied 

considerably, demonstrating significant interannual variations (Dlugokencky et al. 2011; 

Kirschke et al. 2013).Fluctuation in the methane growth rate could be linked to changes 

in the strength of known and/or well quantified sources or sinks, or to changes in the 

strength of yet to be identified, or poorly quantified, sources or sinks such as vegetation. 

Although the estimates in this review have considerable uncertainty, they provide a first 

step towards the development of a more integrated view of the contribution of various 

natural sources to the annual atmospheric flux of this globally important greenhouse gas. 

Clearly, better elucidating the contribution of plant-based pathways to the global methane 

budget represents a critical area for future research, where primary emphasis should be 

placed on providing better resolution regarding the role of plant-based methane sources 
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such as aerobic methane production coarse woody debris and litter, and transport through 

herbaceous and woody plants. 

 This literature synthesis provides a first attempt, albeit uncertain, to more 

comprehensively estimate the role of vegetation in the global methane budget (Fig. 2, 

Fig.3). Future studies should focus on resolving the magnitude of emissions pathways 

discussed herein to further increase the accuracy of these preliminary estimates. In 

addition, the role of the vegetative pathway in the flux of other globally important trace 

greenhouse gases is a critical line of future study (Pihlatie et al. 2005). For example, 

nitrous oxide emissions can be facilitated by grasses (Mosier et al. 1990) and woody 

plants (Kreuzwieser et al. 2003; Pihlatie et al. 2005; Rusch and Rennenberg 1998). 

Overall, further elucidating the role of vegetation-based pathways of trace greenhouse gas 

fluxes of all types will add a degree resolution  to existing climate models that often 

include biogeochemical processes (Bonan 2008) at a rudimentary level, but largely ignore 

the role of vegetation (Pangala et al. 2012). In turn, future models will more accurately 

represent biogeochemical cycling (Kirschke et al. 2013), theoretically increasing our 

ability to predict future climate scenarios.  
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Tables and Figure Captions 

Table IV-1 Global yearly CH4 emissions as a result of plant-based aerobic methane 

emissions. 

Table IV-2 Studies investigating the potential for aerobic methane production in plants 

on various structural/architectural hierarchies. (Inspired by Bruhn et al. 2012) 

Table IV-3 Environmental stressors that induce aerobic methane emission in plants. 

Table IV-4 Classification of cryptic wetlands. 

Table IV-5 Methane emissions from heartwood rot in temperate forests worldwide. Field 

emission rates are taken from Covey et al. (2012)
a
 and upscaled using the global area for 

temperate forests as reported in Schlesinger and Bernhardt (2013), adjusted for the 

average standing timber loss from heartwood rot for the United States as reported in 

Wagener and Davidson (1954). 

Table IV-6 Herbaceous plant species in boreal and arctic ecosystems as conduits for 

methane emissions. 

Table IV-7 Herbaceous plant species in temperate latitudes as conduits for methane 

emissions. 

Table IV-8 Woody plants as conduits for methane emissions in temperate wetlands. 

Field emission rates are taken from each study and upscaled (when possible) using the 

global area for temperate forested wetlands as reported in Matthews and Fung (1987). 

Table IV-9 Woody plants as conduits for methane emissions in tropical wetlands. Field 

emission rates are taken from each study and upscaled (when possible) using the global 

area for tropical forested wetlands as reported in Matthews and Fung (1987). 
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Table IV-10 The impact of clipping vegetation, an artificial manipulation resembling the 

effect of herbivory, on methane flux from soil-plant systems. +: Indicates that clipping 

resulted in an increase in methane flux from the soil-plant system. -: Indicates that 

clipping resulted in a decrease in methane flux from the soil-plant system. 

Fig. IV-1 A classic view of methane production, consumption, and transport in lowland 

soils. Methane flux across the soil-atmosphere interface occurs via diffusion, ebullition, 

and plant-mediated transport. Modified from Schütz et al. (1991). 

Fig. IV-2 A contemporary view of the role of modern vegetation in the biogeochemical 

cycling of methane in natural ecosystems. Arrows represent possible sources of methane 

flux to the atmosphere and are color-coded by the emission categories listed in the text. 

Values in the legend represent the estimated quantity of methane flux to the atmosphere 

(when known) in Tg CH4 yr
-1

 from vegetation sources as reported in this manuscript. 

Please reference Fig. 1 for the processes of methane production, consumption, and 

transport in soils. 

Fig. IV-3 Global methane sources as a percent of the total methane budget of 645 Tg 

CH4yr
1 

(Schlesinger and Bernhardt 2013). Plant emissions are taken from this study; all 

other categories are as presented by Schlesinger and Bernhardt (2013). 
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Table IV-2 
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Table IV-3 
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Table IV-4 

 

Broad 

Classification 
Type Methane Production Potential 

Landscape 

Geomorphology 
Bole Depressions 

Defined as the depression left after a tree falls. When 

water-filled, these could act as miniature wetlands. The 

development of anoxic conditions could lead to 

methane production. 

Phytotelmata 
Hollow Bamboo 

Internodes
a
 

Water trapped in bamboo internodes could lead to the 

development of anoxic microsites and possibly 

methanogenesis. 

 Non-Bromeliad Leaf Axils
a
 

Water trapped in leaf axils could lead to the 

development of anoxic conditions and methanogenic 

colonization. 

 Pitcher Plants
a
 

Water trapped in pitcher plants can develop anoxic 

conditions, which lead to colonization by methanogens 

(Krieger and Kourtev 2012). 

 
Tank Bromeliads

a
 

 

Water trapped in tank bromeliads can lead to the 

development of anoxic conditions and methanogenic 

colonization (Martinson et al. 2010; Goffredi et al. 

2011). 

 Tree Holes
a
 

Water trapped in tree holes could lead to the 

development of anoxic conditions and methanogenic 

colonization. 

a
 As suggested by Martinson et al. (2010) 
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Table IV-5 

 

Field Emission Rates                      

(ng CH4 m
-2

 s
-1

) 

Converted Field 

Emission Rates 

(Tg CH4 km
-2

 yr
-1

) 

Upscaled CH4 

Emissions 

(Tg CH4 yr
-1

) 

Percent of Global 

CH4Budget
b
 

61.5 

(High)
a
 

6.15×10
-14

 2.6 0.4 

52 

(Average)
a
 

5.2×10
-14

 2.2 0.3 

42.5 

(Low)
a
 

4.25×10
-14

 1.8 0.3 

b 
Calculated using the estimated annual flux of methane to the atmosphere (645 Tg CH4 yr

-1
) as reported in 

Schlesinger and Bernhardt (2013). 
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Table IV-6 
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Table IV-7 
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Table IV-8 
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Table IV-9 
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Table IV-10 
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Fig. IV-1 
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Fig. IV-2 
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Fig. IV-3 
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CHAPTER V 

 

 

STANDING DEAD TREES: A CONDUIT FOR THE ATMOSPHERIC FLUX OF 

GREENHOUSE GASES FROM WETLANDS? 
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Abstract 

Wetlands represent the largest natural source of methane flux to the atmosphere, 

which can occur across the sediment/water/plant-atmosphere interface. Of these three 

potential methane sources, the role of vegetation in this flux is the least well understood. 

Both living and dead herbaceous vegetation have been demonstrated to act as methane 

sources, while knowledge regarding the contribution of woody vegetation to this flux is 

restricted to live plants. For dead woody vegetation to act as a methane source, two 

conditions must occur: (1) gas evolution/accumulation within the trunk airspace of a dead 

tree (e.g. snag) and (2) flux of this gas across the plant-atmosphere interface. The 

research presented here investigates condition (1) and provides evidence for a significant 

accumulation of both CH4 and CO2 in trunk airspace at water level (104.4±19.0 and 

1785.5±470.7 μL  L
-1

 for CH4 and CO2 respectively) and CO2 at breast height 

(1257.6±294.4 μL  L
-1

) as compared to ambient air immediately outside the trunk (ca. 3 

and 370 μL  L
-1

 for CH4 and CO2 respectively) in dead snags located within two ghost 

forest landscapes at the Timberlake Observatory for Wetland Restoration (Tyrrell County, 

North Carolina). A more finely resolved understanding of this potential pathway for 

methane flux to the atmosphere is important given the predicted increase in dead carbon 

stocks within coastal forested wetland ecosystems, as global climate change can lead to 

the conversion of these ecosystems into ghost forest landscapes. 
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Introduction 

 Over a 100-year period, methane has a global warming potential ca. 28-34× that 

of CO2 (Myhre et al. 2013). It is the second most abundant non-CO2 greenhouse gas in 

the atmosphere today (Wuebbles & Hayhoe 2002; Montzka et al. 2011; Neubauer & 

Megonigal 2015; Schwietzke et al. 2016), contributing ca. 25% of the total climate 

forcing over the past 250+ years (Shindell et al. 2009). The global annual flux of methane 

to the atmosphere is estimated to be ca. 500-600 Tg CH4 yr
-1

 (Kirschke et al. 2013; 

Schlesinger & Bernhardt 2013). Of the major sources of methane emissions, natural 

sources (including wetlands, oceans, geological seepage, termites, and vegetation) 

contribute between 30-50% of the annual global flux of methane to the atmosphere (Ciais 

et al. 2013; Schlesinger & Bernhardt 2013). Of these natural sources, wetlands represent 

the dominant source of methane flux to the atmosphere, a source that is quantitatively 

large, but also exhibits high interannual variability (Ciais et al. 2013; Kirschke et al. 

2013). 

 Methane is formed in wetland ecosystems by methanogenesis, the terminal step in 

the anaerobic degradation of carbon. In wetlands, this process occurs either in nutrient-

depleted, anoxic wetland sediments, or as a result of decomposition processes in 

anaerobic microsites within dead plant and animal tissue. Once methane is produced, this 

potent greenhouse gas has a variety of fates within the environment that include 

consumption by methane-oxidizing guilds of microorganisms in anaerobic zones 

(Valentine & Reeburgh 2000; Haroon et al. 2013), consumption by methane-oxidizing 

guilds in aerobic zones within the soil or water column (Hanson & Hanson 1996), and 
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flux to the atmosphere across the sediment/water/plant-atmosphere interface (Armstrong 

et al. 1992; Morse et al. 2012; Helton et al. 2014). 

 Historically, the contribution of vegetation to the annual atmospheric flux of 

methane from wetlands has received little attention. However, a recent review of this 

topic (Carmichael et al. 2014) reported that vegetation may represent up to 22% (32-143 

Tg CH4 yr
-1

) of the annual flux of methane to the atmosphere via both direct and indirect 

pathways. Though there is a large degree of uncertainty in this range of values, methane 

transport through wetland vegetation is likely to contribute significantly to this estimate 

(Carmichael et al. 2014). Prior research, as reviewed in Sebacher et al. 1985, Joabsson et 

al. 1999, and Carmichael et al. 2014, has established the roles of 1) live herbaceous and 

woody vegetation and 2) dead herbaceous vegetation in the atmospheric flux of methane 

from wetlands. Among these pathways, live herbaceous vegetation has been the most 

extensively studied and quantified (for example, see Smith & Lewis Jr. 1992; Whiting & 

Chanton 1992). Though the roles of live woody vegetation (Pangala et al. 2015) and dead 

herbaceous vegetation (Brix 1990) have been established, much less is known about the 

quantitative limits of these pathways. The role of dead woody vegetation in the annual 

flux of methane to the atmosphere from wetlands has not yet been resolved. 

Because of the substantial role that methane plays as a greenhouse gas and 

contributor to global warming, it is essential to gain a better understanding of the sources 

and sinks of this powerful greenhouse gas. As such, field measurements were conducted 

in August 2014 to investigate the potential for standing dead snags (i.e. a standing dead 

trees) to act as a conduit for the atmospheric flux of methane from wetlands. The first 

step in this process was to determine if methane concentrations inside trunk airspace of 
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dead snags were elevated compared to atmospheric samples taken immediately outside of 

the trunk, providing evidence for methane accumulation within the woody tissue of a 

dead tree. Recently, Covey et al. (2012) demonstrated an accumulation of methane from 

heartwood rot in the trunks of a variety of tree species found in well-drained, upland 

forests, making it reasonable to hypothesize that a similar phenomenon would be 

observed in dead trees found in permanently saturated wetland sediments. If methane 

accumulates within trunk airspace, standing snags could act as a conduit for the 

atmospheric flux of methane from wetlands, potentially leading to the identification of a 

novel pathway in the annual flux of methane to the atmosphere and greater resolution of 

the sources and sinks within the global methane budget.   

Methods 

Study site 

 The Timberlake Observatory for Wetland Restoration (hereafter TOWeR) is a ca. 

1700 ha compensatory mitigation site in Tyrrell County, North Carolina (35°54′22″N, 

76°09′25″W) consisting of 420 ha of mature forested wetland that was never under crop 

rotation, 787 ha of forested wetland, 57.2 ha of drained shrub-scrub pocosin, and 440 ha 

of former agricultural fields that are undergoing wetland restoration (Ardón et al. 2010b). 

Detailed descriptions of the region and site restoration practices and management can be 

found in Needham (2006) and Ardón et al. (2010a and 2010b).  

After the last agricultural harvest in 2004, restoration of the site was initiated, and 

then completed in 2007 when the former fields were hydrologically reconnected to 

surrounding waters by disabling a pump station located at the northern end of the site. As 

a result, the water table rose, permanently inundating the restored wetland area. With the 
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restoration of historical hydrology, several areas within the site that were not previously 

farmed converted into ghost forest landscapes (Fig. 1), as flood-intolerant species 

succumbed most likely to the stress associated with living in a permanently inundated 

environment (Hook 1984; Kozlowski 1997). To date, living trees persist, but are 

restricted to either flood-tolerant species such as Taxodium distichum (L.) Rich. and 

Nyssa sylvatica var. biflora or raised hummock microsites. Standing dead snags pepper 

the landscape in areas of the 440 ha restored wetland that were formerly drained and were 

subsequently colonized by flood-intolerant tree species (e.g. Acer rubrum L.). The 

selected research sites for the present study were two ghost forest landscapes located in 

the northwestern quadrant of the TOWeR property.  

Site mesoclimate and additional environmental measurements 

 Environmental variables were measured onsite throughout the sampling period 

and compared to historical data from the State Climate Office of North Carolina’s 

Climate Retrieval and Observations Network of the Southeast (CRONOS) Database 

monitoring station #311949 located within 2 km of TOWeR in the Gum Neck 

Community of Tyrrell County, North Carolina. Air temperature and relative humidity 

were measured continuously at 1 m above ground using a HOBO Pro V2 sensor and data 

logger (Model U23-001, Onset, Bourne, MA) shielded from direct sunlight. In addition to 

mesoclimate measurements, snag diameter at breast height (DBH, 1.37m) and the water 

depth next to each snag were measured to investigate the association between these 

variables and trunk airspace greenhouse gas concentrations. 
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Greenhouse gas sampling  

 Ten standing snags were systematically selected at each site (n=20 total) for 

greenhouse gas sampling using a protocol inspired by Covey et al. (2012). Snags were 

selected that appeared to be structurally sound enough to withstand drilling, while also 

minimizing increased bark porosity as a result of advanced decay or insect attack. 

Sampling occurred on a single date in August 2014 at mid-day, beginning at 1100 hours 

local time. Briefly, two holes were drilled horizontally to center in each snag using a 

5/16" drill bit (DeWalt Industrial Tool Company, Baltimore, MD). Two heights per snag 

were sampled, as studies from living trees indicate that methane flux decreases as 

measurement height above soil level increases (Pangala et al. 2012). One hole was drilled 

just above water level, with a second at breast height (1.37 m) to have a standardized 

height on each snag. Immediately after drilling, each hole was plugged with an 8-mm 

SubaSeal stopper (Sigma-Aldrich, St. Louis, MO). A two minute wait period was then 

observed to allow for atmospheric mixing of any potential ebuillition events during 

sediment disturbance as researchers moved around the snag. After the wait period, a gas-

tight syringe (SGE Analytical Science, Austin, TX) was used to extract a single 50 mL 

sample of trunk airspace at water level. 25 mL of this sample was injected into a 12 mL 

pre-evacuated Exetainer vial (Labco, Lampeter, UK), providing an over-pressure to 

prevent atmospheric gas from leaking into the sample vial. Immediately after sampling 

trunk airspace, a second air sample was taken as described above from the atmosphere 

directly next to the trunk at water level. This procedure was then repeated on each snag at 

breast height. After trunk airspace sampling was completed, several (n=8) samples of 

ambient atmospheric air were taken at TOWeR at a location away from obvious methane 
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sources to obtain background concentrations for atmospheric greenhouse gas 

concentrations (e.g. CH4, CO2, and N2O) for the site. Samples were stored at room 

temperature for one week before analysis via gas chromatography.  

Gas analyses 

 Gas samples were analyzed for CH4, CO2, and N2O concentrations at the Duke 

River Center (Duke University) following Morse et al. (2012) and Helton et al. (2014). 

Gas samples were transferred from Exetainer vials into pre-evacuated 9 mL glass vials 

(Teledyne Tekmar, Mason, OH) and were injected by a Tekmar 7050 Headspace 

Autosampler into a Shimadzu 17A gas chromoatograph with electron capture detector 

and flame ionization detector (Shimadzu Scientific Instruments, Columbia, MD) 

retrofitted with sixport valves and a methanizer to allow the determination of the three 

gases from the same sample. Ultra-high purity N2 was used as the carrier gas, and a P5 

mixture served as the make-up gas for the electron capture detector. A Nafion tube 

(Perma Pure, Toms River, NJ) and counter-current medical breathing air were used to 

remove water vapor from the sample stream. Gas concentrations were determined by 

comparing the peak areas of samples and certified primary standards (range of standards 

0.3-200 μL L
-1 

for CH4, 100-10,000 μL L
-1 

for CO2, and 0.1-25 μL L
-1 

for N2O; Airgas, 

Morrisville, NC) using GCsolution software (Shimadzu Scientific Instruments).  

Statistical analysis 

 Statistical analyses evaluating the greenhouse gas concentrations between trunk 

airspace and the atmospheric air next to the trunk at a given height were tested for 

significance (P<0.05) using a paired t-test. T-tests were also used to evaluate the 

comparison between trunk airspace greenhouse gas concentrations at water level and 
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breast height and atmospheric greenhouse gas concentrations at water level and breast 

height. When normality assumptions were violated, a non-parametric equivalent (i.e. 

Wilcoxon Signed Rank Test or Mann-Whitney Rank Sum Test) was utilized. Linear 

regression was utilized to analyze the effects of snag size (i.e. DBH) and water level on 

trunk airspace greenhouse gas concentrations. When necessary, data were ln-transformed 

to meet the assumptions for linear regression. Statistical analyses were conducted using 

Sigma Plot v. 12 (Systat Software, San Jose, CA). 

Results  

Site mesoclimate and regression analysis of additional environmental measurements 

 The temperature profile for the site on the day of measurement was consistent 

with the 10-year weather means for the average daily temperature and minimum daily 

temperature in the month of August as reported by the NC CRONOS monitoring system, 

though the maximum daily temperature (35.2°C  at 1330 h) was slightly higher than the 

10-year weather mean for the area.  

Snag DBH ranged from 6.0-19.0 cm, with a mean of 11.2±0.9 cm. Water depth 

next to each snag was above the sediment surface and exhibited little variation, ranging 

from 0.20-0.45 m, with a mean of 0.33±0.02 m. Regression analyses indicated no 

significant effect of either DBH or water depth on the concentration of CH4, CO2, or N2O 

within trunk airspace.  

Greenhouse gas concentrations  

 In all cases, the mean concentrations of CH4, CO2, and N2O in the air immediately 

outside of the trunk fell within the 95% confidence intervals for CH4 (2.1±0.1 μL L
-1

), 

CO2 (366.9±36.9 μL L
-1

), and N2O (0.24±0.01 μL L
-1

) measured in ambient air at the site, 
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indicating that atmospheric greenhouse gas concentrations at water level and breast 

height were not significantly elevated as compared to background concentrations reported 

on the sample date.  

 For CH4 and CO2, trunk airspace concentrations at water level were significantly 

elevated (104.4±19.0 μL L
-1

and 1785.5±470.7 μL L
-1

 respectively, P<0.001) compared to 

air immediately outside of the trunk (3.1±0.3μL L
-1

 and 373.0±21.5 μL L
-1

 respectively, 

Fig. 2). This was not the case for N2O. At breast height, the concentration of CO2 in trunk 

airspace was significantly elevated (1257.6±294.4 μL L
-1

, P<0.001) compared to air 

immediately outside of the trunk (375.3±20.4 μL L
-1

); however, there were no significant 

differences for either CH4 or N2O. Within the trunk airspace, the concentration of CH4 

was significantly elevated (104.4±19.0 μL  L
-1

, P<0.001) at water level compared to 

breast height (2.4±0.1 μL L
-1

). This was not the case for either CO2 or N2O. In addition, 

there were no significant differences between the concentrations of CH4, CO2, and N2O 

in the air immediately outside of the trunk at either water level or breast height, which is 

indicative of atmospheric mixing. 

Discussion 

Site mesoclimate and regression analysis of additional environmental measurements 

Based on environmental measurements, weather conditions were optimal for 

methanogenesis (warmer temperatures stimulate methanogenic activity up to a threshold 

of ca. 35°C, S.L. Bräuer, personal communication) and generally representative of 

historical averages for the month of August. The absence of an influence of either DBH 

or water depth on trunk airspace greenhouse gas concentrations is not necessarily 

surprising given the minimal variation in both snag DBH and water depth measured in 
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this study. However, both factors are likely to influence decomposition processes (e.g. 

CH4 and CO2 evolution). Snag DBH may influence the accumulation of carbon 

greenhouse gases within trunk airspace by exerting control on the ability of oxygen to 

penetrate dead plant tissue, thus also influencing the dominant microbial decomposition 

pathway and impacting the balance of accumulated CO2 and CH4 within trunk airspace. 

And, water depth is a widely reported influence on methane emissions from wetlands 

(Dlugokencky et al. 2011; Kirschke et al. 2013) that has also been associated with 

increased plant-atmosphere flux of methane from living vegetation in wetlands (Öquist & 

Svensson 2002; Vann & Megonigal 2003; Pangala et al. 2013). Therefore, future work 

should consider the potential impact of these variables in experimental design, especially 

in experiments designed to measure greenhouse gas fluxes from snags, as increased 

variation in both DBH and water depth may impact methane flux from snags.  

Greenhouse gas concentrations  

 Experimental results revealed some intriguing, though not necessarily unexpected, 

findings regarding the accumulation of carbon-based greenhouse gases in trunk airspace. 

At water level, both CH4 and CO2 concentrations significantly increased in trunk airspace 

compared to air immediately outside of the trunk. The source of CO2 and CH4 could 

either be decomposition of woody tissue or represent an accumulation of soil-borne CO2 

and CH4 within trunk airspace via plant-mediated transport. In this case, the standing 

snag would act effectively as a straw in the ground, providing a direct pathway from the 

soil to the atmosphere, thus bypassing the attenuating role of soil (van der Nat & 

Middelburg 1998) and aquatic (Heilman & Carlton 2001) guilds of methanotrophic 

microorganisms. From a mechanistic standpoint, CH4 and CO2 could accumulate in trunk 
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airspace either by diffusion or as a result of Venturi-induced flow (Armstrong et al. 1992) 

as wind blows across a permeable snag surface.  

 At breast height, CO2 was the only significantly elevated greenhouse gas in trunk 

airspace when compared to air immediately outside of the trunk. The occurrence of 

super-ambient CO2, but not CH4, at breast height indicates that some of the 

decomposition occurs via aerobic pathways, which have been reported to contribute to a 

substantial portion of the total carbon loss in forested ecosystems (Chambers et al. 2001; 

Saleska et al. 2003). Taken together, these results demonstrate the accumulation of 

carbon-based greenhouse gases within the trunk airspace of standing dead snags, 

satisfying the first condition that must be met for snags to serve as a conduit for the 

atmospheric flux of CH4 and CO2 from wetland ecosystems. However, methodological 

limitations in our study do not resolve either the source of the accumulated gas (i.e. 

decomposition or plant-mediated transport) or whether the accumulated gas escapes a 

snag as a flux to the atmosphere.  

Conclusions  

 A more complete understanding of the sources and sinks involved in wetland 

carbon emissions is important given the strength of wetland systems as CH4 sources and 

the atmospheric impact of both CH4 and CO2 as long-lived greenhouse gas species 

(Myhre et al. 2013). Moreover, understanding the quantitative balance between emissions 

of these two carbon species from a given source (e.g. dead woody vegetation) is essential 

because, although CO2 is the more abundant greenhouse gas, CH4 has a much larger 

global warming potential on a per unit mass basis (Myhre et al. 2013; Schwietzke et al. 

2016).  
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With respect to the role of vegetation in wetland carbon emissions, live 

herbaceous and woody vegetation represent a CO2 sink, but, have also been demonstrated 

as a CH4 source (see Joabsson et al. 1999; Carmichael et al. 2014, and references therein). 

Dead herbaceous vegetation can also be a CH4 source, but little is known regarding the 

role of dead woody vegetation in the balance of wetland carbon emissions (see 

Carmichael et al. 2014 and references therein). Globally, coastal wetlands are 

increasingly threatened by stressors associated with global climate change (i.e. sea level 

rise, saltwater incursion, and extreme episodic events such as intense drought or 

hurricanes), and this is particularly true for wetlands of the United States’ Atlantic and 

Gulf coasts, where an estimated 58,000 km
2
 of land lies less than 1.5 m above sea level 

(Titus & Richman 2001). This represents an aggregate area slightly smaller than the state 

of West Virginia. As these wetlands begin to transition to open water systems, some will 

convert into ghost forests (Gilbert et al. 2012; Melillo et al. 2014), increasing the stock of 

dead woody vegetation and potentially altering wetland carbon exchange and ecosystem 

services such as carbon sequestration.  
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Figure Captions 

Fig. V-1 A representative ghost forest landscape at the Timberlake Observatory for 

Wetland Restoration in Tyrrell County, North Carolina.  

Fig. V-2 CH4 (a), CO2 (b), and N2O (c) concentrations in trunk airspace compared to the 

ambient air immediately outside of the trunk at water level and breast height. Asterisks 

indicate significantly elevated greenhouse gas concentrations within the trunk airspace 

compared to the ambient air immediately outside of the trunk at a given height. 
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Fig. V-1 
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Fig. V-2 
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CHAPTER VI 

 

 

STANDING DEAD TREES: A NOVEL PATHWAY IN THE ATMOSPHERIC FLUX 

OF CH4 AND CO2 FROM WETLANDS 
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Summary: 

 In vegetated wetland ecosystems, plants can be a dominant pathway in the 

atmospheric flux of methane, a potent greenhouse gas. Although the roles of 

herbaceous vegetation and live woody vegetation in this flux have been 

established, the role of dead woody vegetation is not yet known. 

 In a restored wetland of North Carolina’s coastal plain, static flux chambers were 

deployed at two heights on standing dead trees to determine if these structures 

acted as a conduit for methane emissions. 

 Methane fluxes to the atmosphere were measured in five of the chambers, with a 

mean flux of 0.4±0.1 mg m
-2 

h
-1

. Methane consumption was also measured in 

three of the chambers, with a mean flux of -0.6±0.3 mg m
-2

 h
-1

. Standing dead 

trees were also a source of the atmospheric flux of CO2 (114.6±23.8 mg m
-2

 h
-1

). 

 Results confirm that standing dead trees represent a novel pathway in the annual 

flux of carbon gases from wetlands. However, several questions remain regarding 

the abiotic and biotic controls on the magnitude and direction of this flux and the 

importance of this pathway at the landscape level. 
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Introduction 

 Carbon dioxide (CO2) and methane (CH4) are widely recognized as two of the 

most important greenhouse gases due to their abundance in the atmosphere and strength 

as agents of global warming (Shindell et al., 2009; Hansen et al., 2013; Myhre et al., 

2013). Methane is a potent greenhouse gas, with a global warming potential ca. 28-34× 

that of CO2 over a 100 year period (Myhre et al., 2013). Atmospheric CH4 concentrations 

are once again on the rise (Saunois et al., 2016) after an almost two-decade period of 

oscillation between stabilization and increase (Kirschke et al., 2013). The cause for this 

current increase is currently unknown, but is likely attributed to increases in both 

anthropogenic (e.g. agriculture and the fossil fuel industry) and natural (e.g. wetlands) 

sources (Saunois et al., 2016).  

Quantitatively, wetlands represent the single largest source in the annual flux of 

CH4 to the atmosphere (Myhre et al., 2013; Schlesinger & Bernhardt, 2013). In wetland 

ecosystems, CH4 is produced by methanogenesis, the terminal step in the anaerobic 

degradation of carbon, which occurs in nutrient-depleted, anoxic microsites within 

sediments. Once CH4 is produced, it has a variety of fates in wetland systems, including 

escaping as a flux across the soil/sediment- (Chanton et al., 1989; Morse et al., 2012), 

water- (Helton et al., 2014; Poindexter et al., 2016), or plant-atmosphere (Schütz et al., 

1991; Rusch & Rennenberg, 1998) interface. Of these three pathways, the plant-based 

pathway is arguably the least well understood, despite mounting evidence that it may be a 

dominant pathway for CH4 flux from vegetated wetland ecosystems (see Carmichael et al. 

2014 and references therein). 
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From a historical perspective, the role of both live and dead herbaceous 

vegetation as a conduit for wetland CH4 emissions has long been established (Dacey & 

Klug, 1979; Sebacher et al., 1985; Brix, 1990; Smith & Lewis Jr., 1992). More recently, 

Schütz et al. (1991) first proposed that woody vegetation (i.e. tree stems) might also be a 

source of CH4 flux from wetlands, a pathway that was confirmed in 1998 by Rusch & 

Rennenberg. A handful of studies have expanded on this initial research, confirming live 

trees as a pathway for CH4 emissions in both upland and wetland systems (see review by 

Carmichael et al., 2014 and references therein, in addition to more recent papers by 

Pangala et al., 2015; Terazawa et al., 2015; Wang et al., 2016; Warner et al., 2017). In 

these studies, CH4 flux occurred across all possible exchanging surfaces at the plant-

atmosphere interface, including the leaf, stem, and trunk. In some cases, specialized 

wetland adaptations for tissue aeration (e.g. aerenchyma, lenticels, and pneumatophores) 

have also been implicated as pathways for CH4 flux; but, that is not universally the case, 

as stomata on leaf surfaces may also contribute to CH4 flux (Garnet et al., 2005).  

Dead vegetation is an important component of forest carbon budgets (Litton et al., 

2007) that represents a substantial, dynamic carbon stock (Cornelissen et al., 2012). 

However, the role of standing dead trees in forested wetland carbon dynamics has been 

largely ignored. After tree death, water is evacuated from cavities and hydraulic elements 

in the trunk, leaving an intricate network of open conduits within the plant tissue that 

provide a continuum of connectivity, from soil/sediment to the atmosphere. In wetland 

systems, dead trees also likely possess a suite of structural adaptations already honed for 

gas transport from the atmosphere to above- and belowground tissues. As the decay 

process begins, decomposition increases wood porosity, decreases density, and results in 
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the formation of additional channels within plant tissue that could act as exchanging 

surfaces with the atmosphere. Interestingly, Hook and Brown (1972) observed that 

microscopic pores as small as 2-5 μm in diameter were large enough to permit gas 

exchange across the cambium in Nyssa aquatica L. (water tupelo) and Fraxinus 

pennsylvanica Marshall (green ash), two common wetland species. Therefore, it is 

possible that the open conduit systems in dead trees may provide a pathway for the 

atmospheric flux of sediment-borne greenhouse gases from wetland systems. 

A recent study described the potential for standing dead trees (hereafter snags) to 

act as conduits for CH4 and CO2 emissions from wetland ecosystems (Carmichael & 

Smith, 2016b). In this study, snags accumulated carbon-based greenhouse gases within 

trunk airspace at significantly higher concentrations than the atmospheric samples taken 

immediately outside of the trunk, establishing a concentration gradient that would be 

expected for a plant-atmosphere flux to occur. But, several questions remained, namely 

the ultimate source of these carbon gases (i.e. soil/sediment- or plant-based 

decomposition pathways) and whether the gases actually escaped from snags as a flux to 

the atmosphere. Therefore, we conducted a study in the summers of 2015 and 2016 to 

determine if snags represent a novel pathway in the annual flux of CH4 to the atmosphere 

from wetland ecosystems. 

Materials and Methods 

Site Description 

 Much of North Carolina’s Albemarle-Pamlico Peninsula was converted from 

wetland habitat to farmland in the 1970’s due to the potential for highly productive 

croplands (Carter, 1975). However, land in the region drains poorly (Titus & Richman, 
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2001; Sallenger Jr. et al., 2012; Hauer et al., 2016) and farmlands must be intensively 

managed, often through the installation of drainage canals and pump stations, to prevent 

soil waterlogging and declines in crop productivity. In the late 1990’s, the Great Dismal 

Swamp Mitigation Bank, LLC purchased the former Timberlake Farms to restore the site 

as a compensatory mitigation bank. The Timberlake Observatory for Wetland Restoration 

(hereafter TOWeR) is a 1,700 ha site located on the Albemarle-Pamlico Peninsula 

(35°54′22″N, 76°09′25″W, Fig.1). The site consists of 420 ha of mature forested wetland 

that was never under crop rotation, 787 ha of forested wetland, 57.2 ha of drained shrub-

scrub pocosin, and 440 ha of former agricultural fields that are undergoing wetland 

restoration (Ardón et al., 2010b). Detailed descriptions of the region and site restoration 

practices and management can be found in Needham (2006) and Ardón et al. (2010a and 

2010b). 

Restoration was completed at TOWeR in 2007 when the pump station at the 

northern end of the site was disabled, hydrologically reconnecting the site to surrounding 

waters. With the restoration of historical hydrology, several areas within the site that 

were not previously farmed converted into ghost forest landscapes (Fig. 2), as flood-

intolerant species (e.g. Acer rubrum L.) succumbed most likely to the stress associated 

with living in a permanently inundated environment (Hook, 1984; Kozlowski, 1997). To 

date, living trees persist, but are restricted to either flood-tolerant species such as 

Taxodium distichum (L.) Rich., Nyssa aquatica L., Nyssa sylvatica Marshall var. biflora 

(Walter) Sarg. or raised hummock microsites. The selected research sites for the present 

study consisted of two ghost forest landscapes (Fig. 1a), one located in the northwestern 

quadrant of the TOWeR property, and the second within the 440 ha restored wetland. 
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Site mesoclimate and additional environmental measurements 

 Environmental variables were continuously measured at each sampling location 

(Fig. 1a) in the summer of 2015 and 2016 and compared to historical data from the State 

Climate Office of North Carolina’s Climate Retrieval and Observations Network of the 

Southeast (CRONOS) Database monitoring station #311949 located within 2 km of 

TOWeR in the Gum Neck Community of Tyrrell County, North Carolina. Air 

temperature and relative humidity were measured continuously at 2 m above ground 

using a HOBO Pro V2 sensor and data logger (Model U23-001, Onset, Bourne, MA) 

shielded from direct sunlight and the nighttime sky. 

 Daily water quality measurements were taken in each ghost forest landscape at 

three representative locations as described in Carmichael & Smith (2016a). Salinity was 

monitored using a YSI EcoSense EC300A portable conductivity, salinity, and 

temperature meter (YSI, Yellow Springs, OH). Surface water pH was monitored using a 

YSI EcoSense pH100A portable pH, mV, and temperature meter. All instruments were 

calibrated in the field prior to measurements. In addition to mesoclimate and water 

quality measurements, tree diameter at breast height (DBH, 1.37 m) and the water depth 

next to each tree and each floating static flux chamber (see below) were measured. 

Packed and unpacked PVC columns  

 An experiment was executed in August 2015 to determine if structures that 

mimicked the transport properties of snags, but are biologically inert, would accumulate 

greenhouse gases similarly to what was observed in Carmichael & Smith (2016b). In a 

model-based design (5 cm diameter PVC pipes), the source of any accumulated 

greenhouse gases would be wetland sediment via a flux across the water-atmosphere 
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interface and not decomposition of internal components. To this end, some of the 

columns were left open (hereafter unpacked columns), whereas others (hereafter packed 

columns) were filled with a non-decomposable material that equaled the approximate 

density (0.4±0.02 g cm
-3

) of the mean of three samples of snags harvested from the site. 

Packing the columns provided resistance to airflow and a more realistic exchange with 

the atmosphere. Open columns allowed for unimpeded exchange between the column 

airspace and atmosphere; therefore, greenhouse gas concentration differences between 

the column airspace and atmosphere were minimized. If these columns acted as a conduit 

for sediment-borne greenhouse gases to the atmosphere, a predictable pattern of 

greenhouse gas accumulation by height over time would be expected, especially for the 

packed columns. 

Packed and unpacked PVC columns were installed at the site in pairs (n=5, Fig. 

3a) at the location where plant-atmosphere greenhouse gas fluxes were measured (Fig. 1a) 

in standing surface water (mean water depth 0.41±0.04 m, range 0.37–0.46 m). Each 3 m 

section of PVC pipe consisted of two segments: a 1 m base with a PVC pipe coupling 

attached to one end and a second 2 m section. The bottom half of the 2 m section was 

solid PVC pipe, while 0.8 cm holes were drilled on the top half at 8 cm intervals on each 

side of the pipe; this allowed for exchange between the air inside of the column and the 

atmosphere. Three gas sample ports [8 mm Suba Seal stoppers (Sigma-Aldrich, St. Louis, 

MO) sealed in place with 100% Silicone window and door caulk (General Electric, 

Fairfield, CT)] were installed on each pipe at 0 (water level), 20, and 60 cm above water 

level. PVC caps (10 cm diameter) were installed 5 cm above to top of each column to 

prevent rainfall from waterlogging the column interior. The packed PVC columns were 
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filled with a 50:50 mix of Turface All Sport (Turface Athletics, Buffalo Grove, IL) and 

horticultural perlite (Carolina Perlite Company, Gold Hill, NC).  

The 1 m PVC bases were hammered into the sediment until the top of the pipe 

was flush with the water level and, after 24 hours later, a 2 m PVC top was installed on 

each base. One packed and one unpacked PVC column were paired together, installed 

approximately 10 cm apart. After the tops were installed, time zero gas samples were 

taken as described in Carmichael & Smith (2016b). Beginning at water level (0 cm), a 

gas tight syringe was used to extract triplicate, 50 mL samples from the column airspace. 

25 mL of this sample was injected into a 12 mL pre-evacuated Exetainer vial (Labco, 

Lampeter, UK), providing an overpressure to prevent atmospheric gas from leaking into 

the sample vial. This procedure was then repeated at 20 and 60 cm above water level. 

Samples were taken again at 24 and 48 hours following column installation. On each day, 

after trunk greenhouse gas sampling was completed, several samples of ambient air (n= 3) 

were taken at a TOWeR location away from any obvious CH4 sources to obtain 

background concentrations for atmospheric greenhouse gases (i.e. CH4, CO2, and N2O) 

for the site. Samples were stored at room temperature for one week before analysis via 

gas chromatography at the Duke River Center (Duke University, Durham, NC). 

Plant-Atmosphere greenhouse gas fluxes 

 Data from the 2014 and 2015 experiments indicated the potential for snags to act 

as conduits for the emission of sediment-borne CH4 and CO2 in wetlands (Carmichael & 

Smith, 2016b). Therefore, in July 2016 we used a static chamber approach (Livingston & 

Hutchinson, 2009) to measure plant-atmosphere greenhouse gas fluxes on ten trees in the 

northwest quadrant of the TOWeR property (Fig. 1a). Snags were systematically selected 



191 

 

to ensure that each tree was located in standing water (mean water depth 0.23±0.03 m, 

range 0.10–0.38 m) and was structurally sound enough to support static flux chambers 

and withstand drilling. An effort was made to repeat measurements on as many trees as 

possible from a 2014 study (Carmichael & Smith, 2016b).  

Chambers (Fig. 3c) were constructed based on a modified version of the chamber 

design described in Pangala et al. (2012). The description and dimensions of the 

chambers matched those described in Pangala et al. (2012) with the following exceptions: 

chambers were constructed of 3 mm clear Lexan and gas-impermeable closed cell foam 

(MD Building Products, Oklahoma City, OK) was used to provide a seal between the two 

halves of the chambers. Each chamber contained two gas sampling ports (installed as 

previously described) and an internal fan (Jameco Electronics, Belmont, CA), which was 

used to ensure that the air in each chamber was well-mixed during incubations and 

sampling. Central chamber openings were custom fit to the diameter of each tree using 5 

mm closed cell resilient sealing tape (Advanced Acoustics, Mansfield, UK). After each 

chamber was mounted and secured in place, gas-impermeable PTFE tape (3M, St. Paul, 

MN) was used as a secondary sealant over each joint. Two chambers were deployed on 

each tree, one chamber located at 10-50 cm above water level and a second at 60-100 cm, 

as studies from living trees indicate an inverse relationship between CH4 flux and 

distance above the soil surface (Pangala et al., 2012).  

At the beginning of each sampling interval, air temperature, barometric pressure, 

and wind speed were recorded using a Kestrel 4000 weather and environmental meter 

(Kestrel Instruments, Boothwyn, PA). Ten mL gas samples were collected from each 

chamber in triplicate at seven time points over an 80 minute incubation: 0, 5, 10, 20, 50, 
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60, and 80 minutes. Gas samples were injected into pre-evacuated 9 mL glass vials 

(Teledyne Tekmar, Mason, OH), providing an overpressure to prevent atmospheric gas 

from leaking into the sample vial. Samples were then stored at room temperature for less 

than one week before analysis via gas chromatography at the Duke River Center. 

Greenhouse gas sampling from trunk airspace  

 To confirm the presence of greenhouse gases in trunk airspace, a protocol inspired 

by Covey et al. (2012) and described in detail in Carmichael & Smith (2016b) was 

utilized on the ten trees that were selected for greenhouse gas flux measurements. 

Sampling occurred immediately after static flux chambers were removed from the trees. 

Three holes were drilled to center of each tree using a 5/16 in drill bit: one at 30 cm and a 

second at 80 cm above water level (the mid-point height of each static flux chamber), 

with a third hole at breast height (1.37 m), to have a standardized height on each tree. 

Immediately after drilling, each hole was plugged with an 8 mm SubaSeal stopper 

(Sigma-Aldrich, St. Louis, MO) and a gas-tight syringe was used to extract a single 10 

mL sample of gas from the trunk airspace at 30 cm above water level. The sample was 

injected into a pre-evacuated 9 mL glass vial (Teledyne Tekmar, Mason, OH), providing 

an overpressure to prevent atmospheric gas from leaking into the sample vial. 

Immediately after sampling the trunk airspace, a second sample was taken as described 

above from the atmosphere directly next to the trunk at 30 cm above water level. This 

procedure was then repeated at 80 cm above water level and at breast height. After trunk 

greenhouse gas sampling was completed, several samples of ambient air (n= 3 daily) 

were taken at a TOWeR location away from any obvious CH4 sources to obtain 

background concentrations for atmospheric greenhouse gases for the site. Samples were 
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stored at room temperature for less than one week before analysis via gas 

chromatography at the Duke River Center. 

Water-Atmosphere greenhouse gas fluxes 

To compare the relative importance of greenhouse gas flux pathways, water-

atmosphere greenhouse gas fluxes were also measured in July 2016 using a static 

chamber approach following a protocol that had been used successfully at the site (Helton 

et al., 2014). Floating static flux chambers (Fig. 3b) were constructed from 10 L gas 

sampling bags as described in detail in Helton et al. (2014). Static flux chambers (n=8) 

were deployed at three locations within a ghost forest landscape in the 440 ha restored 

wetland (Fig. 1a). At the beginning of each sampling interval, air temperature, barometric 

pressure, and wind speed were recorded using a Kestrel 4000 weather and environmental 

meter (Kestrel Instruments, Boothwyn, PA). Triplicate 10 mL gas samples were collected 

from each chamber as described in Helton et al. (2014) at three time points over 24 hour 

incubation: 0, 8, and 24 hours. Samples were stored at room temperature for less than one 

week before analysis via gas chromatography at the Duke River Center. 

Gas analyses  

 Gas samples were analyzed for CH4 and CO2 concentrations at the Duke River 

Center following protocol outlined in Morse et al. (2012), Helton et al. (2014), and 

Carmichael & Smith (2016b). Samples were injected by a Tekmar 7050 Headspace 

Autosampler into a Shimadzu 17A gas chromoatograph with electron capture detector 

and flame ionization detector (Shimadzu Scientific Instruments, Columbia, MD) 

retrofitted with sixport valves and a methanizer to allow the determination of the three 

gases from the same sample. Ultra-high purity N2 was used as the carrier gas, and a P5 
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mixture served as the make-up gas for the electron capture detector. A Nafion tube 

(Perma Pure, Toms River, NJ) and counter-current medical breathing air were used to 

remove water vapor from the sample stream. Gas concentrations were determined by 

comparing the peak areas of samples and certified primary standards (range of standards 

0.3–5,000 μL L
-1 

for CH4 and 100–10,000 μL L
-1 

for CO2; Airgas, Morrisville, NC) using 

GCsolution software (Shimadzu Scientific Instruments).  

Plant-Atmosphere and Water-Atmosphere greenhouse gas flux calculations 

 Under ideal conditions in static chamber incubations, gases either accumulate or 

are consumed linearly over time (Livingston & Hutchinson, 2009). Gas fluxes are 

determined by regression analysis of the change in gas concentration over time in the 

chamber. Static flux chambers are sensitive to disturbance, so rigorous quality control 

measures (see description below) must be applied. Measured gas concentrations were 

initially converted using the ideal gas law and field measurements of air temperature and 

barometric pressure from ppmv to μg m
-3

. Quality control measures, as described in detail 

in Helton et al. (2014) and McInerney & Helton (2016) were then applied to the data set.  

For gas flux calculations, we began by calculating the average of all sample 

replicates that were within 10% of one another (McInerney & Helton, 2016). Next, we 

used these values to calculate the minimum detectable concentration difference (MDCD) 

for each sampling date (Yates et al., 2006): incubations that did not exceed the MDCD 

were excluded from the analysis. Gas fluxes are reported as a flux per unit exchanging 

surface area. Therefore, some additional transformations were required before regression 

analyses could be completed. For plant-atmosphere gas fluxes, the volume of each static 

flux chamber was obtained by subtracting the volume of each stem in a chamber 
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(approximated as a truncated cone) from the total chamber volume. The exchanging 

surface area of the trunk was approximated as a truncated cone. These two numbers were 

used to calculate the volume to surface area ratio, which was then used to report fluxes by 

surface area. For water-atmosphere fluxes, the volume to surface area ratio for the static 

flux chambers obtained by Helton et al. (2014) was used for conversions. Once these 

conversions were completed, linear regression was used to calculate gas fluxes. An 

incubation met the assumption of linearity when r
2
>0.85; all incubations below this value 

were discarded from analysis. 

Statistical analyses 

 For the 2015 PVC column experiment, statistical analyses evaluating the 

difference in greenhouse gas concentrations in packed and unpacked 5 cm PVC columns 

at a given sampling interval were tested for significance (P<0.05) using paired t-tests. 

Repeated measures analysis of variance was used to test for the accumulation of 

greenhouses gases at a given height over time, whereas a one-way ANOVA was used to 

determine if a gradient in greenhouse gas concentration by height was established at a 

given time point. For each ANOVA test, when significant differences occurred, 

parametric multiple comparisons were conducted using Tukey-Kramer HSD tests.  

In the 2016 gas sampling from trunk airspace, paired t-tests were used to evaluate 

measured differences in greenhouse gas concentrations between trunk airspace and the air 

next to the trunk at a given height. A one-way analysis of variance was used to evaluate 

both the comparison between trunk airspace greenhouse gas concentrations at all heights 

above water level and  the comparison between greenhouse gas concentrations in the air 

next to the trunk at all heights above water level.  
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To test for the effect of height above water level on plant-atmosphere greenhouse 

gas fluxes, t-tests were used to compare plant-atmosphere flux measurements from the 

two static flux chambers on each tree. T-tests were also used to compare the magnitude of 

plant-atmosphere fluxes to the flux associated with the water-atmosphere interface and to 

compare the magnitude of carbon (CO2 and CH4) fluxes across the water-atmosphere 

interface.  

In all cases described above, if normality assumptions were violated, a non-

parametric equivalent (i.e. Mann-Whitney Rank Sum Test, Wilcoxon Signed Rank Test, 

or Kruskal-Wallace one-way ANOVA on ranks with Dunn’s method for multiple 

comparison tests) was utilized. Statistical analyses were conducted using Sigma Plot v.12 

(Systat Software, San Jose, CA) and R 3.0.1 (R Core Team). 

Results 

Site mesoclimate and additional environmental measurements 

 Mesoclimate data indicate that the daily temperature profiles in August 2015 and 

July 2016 were similar to both the 10 year weather averages and the 30 year climate 

normal for Tyrrell County, North Carolina. Fresh surface water conditions (August 2015, 

salinity = 0.1±0.01 ppt; July 2016, salinity = 0.1±0.0 ppt) and relatively constant surface 

water pH (August 2015, 5.03±0.06; July 2016, 4.69±0.07) were maintained throughout 

both study periods. In July 2016, the mean water depth at standing dead tree locations 

was 0.23±0.03 m (range, 0.0–0.5 m). DBH ranged from 2.0–16.0 cm, with an average 

value of 7.9±0.6 cm. The mean water depth at water-atmosphere static flux chamber 

locations was 0.31±0.03 m (range, 0.19–0.45 m). 
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Packed and unpacked PVC columns  

 The unpacked PVC columns were well mixed with the atmosphere, as there was 

no evidence (P>0.05) of either greenhouse gas accumulation over time at a given height 

or the establishment of a concentration gradient within column airspace at a given time 

(Fig. 4b, d). Mean CH4 and CO2 concentrations in packed columns tended to be 

significantly (P<0.05) greater than concentrations in unpacked columns (Fig. 4). In 

addition, CH4 and CO2 concentrations in packed columns were consistently higher than 

ambient air concentrations at all sampling points, accumulating to as high as 403× and 7× 

ambient air concentrations respectively over the 48 hour incubation.  

 In packed columns, we expected to observe both an accumulation of gases within 

column airspace over time at a given height and the development of a concentration 

gradient within column airspace at a given time. Due to high variability in the dataset, the 

conclusions of statistical analyses were somewhat complicated (Table S1-S4). However, 

as a general trend, for both CH4 and CO2 the mean concentrations of gases in the column 

airspace at a given height increased over time (Fig. 4a, c). Similarly, for both CH4 and 

CO2 the mean concentrations in the column airspace at a given time decreased as height 

above water level increased (Fig. 4a, c). 

Greenhouse gas sampling from trunk airspace   

 The trunk airspace CH4 and CO2 concentrations were significantly elevated 

(P<0.01) at 30 and 80 cm compared to the air immediately outside of the trunk (Fig. 5).  

Trunk airspace CH4 and CO2 concentrations were also significantly elevated (P<0.05) at 

30 cm compared to breast height. There were no significant differences in trunk airspace 
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greenhouse gas concentrations between either 30 cm and 80 cm or 80 cm and breast 

height, possibly due to high variability in the dataset.  

Mean concentrations of CH4 and CO2 in the air immediately outside of the trunk 

(Fig. 5) fell within the 95% confidence intervals for CH4 and CO2 measured in the 

ambient air at the site, indicating that atmospheric greenhouse gas concentrations near the 

trunk were not significantly elevated as compared to background concentrations reported 

on the sample date. The single exception was the concentration of CH4 in the air outside 

of the trunk at 30 cm (5.1±1.1 μL L
-1

), which was slightly elevated compared to the 

background concentration in ambient air on sample days (2.7±0.1 μL L
-1

). There were no 

significant differences in the concentrations of either CH4 or CO2 in the air immediately 

outside of the trunk at the base of the trunk (30 cm) compared to 80 cm and 1.37 m, 

which is indicative of atmospheric mixing. 

Plant-Atmosphere greenhouse gas fluxes 

 Of the twenty static flux chambers that were used to measure greenhouse gas 

fluxes across the plant-atmosphere interface, eight (40%) passed quality control standards 

(Table 1). Methane production was measured in five (62%) of the chambers, with an 

average flux of 0.4±0.1 mg m
-2

 h
-1

 (range, 0.1–0.7 mg m
-2

 h
-1

). Methane consumption 

was measured in three (38%) of the chambers, with an average flux of -0.6±0.3 mg m
-2

 h
-

1
 (range, -0.3– -1.2 mg m

-2
 h

-1
). For CO2, seven (88%) of the chambers were a source of 

carbon flux to the atmosphere (mean 114.6±23.8 mg m
-2

 h
-1

, range 42.1–224.9 mg m
-2

    

h
-1

). A single chamber provided evidence of CO2 consumption at a flux of -29.6 mg m
-2

 

h
-1

. For both CH4 and CO2, there were no significant differences in fluxes based on either 

snag DBH or location of chamber placement (i.e. bottom vs. top) (P>0.05). 
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Water-Atmosphere greenhouse gas fluxes 

 All eight floating static flux chambers passed quality control standards for water-

atmosphere fluxes of CH4 and CO2. The mean water-atmosphere flux of CO2 (343.9±16.1 

mg m
-2

 h
-1

) was an order of magnitude greater than the mean water-atmosphere flux of 

CH4 (30.9±6.1 mg m
-2

 h
-1

, Table 1). For CH4, water-atmosphere fluxes demonstrated 

some spatial heterogeneity, ranging from 10.2–63.3 mg m
-2

 h
-1

. This was also the case for 

CO2, but fluxes were much less variable (range, 274.2–417.9 mg m
-2

 h
-1

). Water-

atmosphere CO2 fluxes were significantly higher (P<0.001) than those associated with 

CH4. In addition, water-atmosphere CH4 and CO2 fluxes were significantly higher than 

those across the plant-atmosphere interface (P<0.001). The water-atmosphere flux of CH4 

was roughly two orders of magnitude greater than that of the plant-atmosphere flux, 

whereas the water-atmosphere flux of CO2 was ca. 4× greater than the flux associated 

with snags. 

Discussion 

 Our results identify standing dead trees as a novel pathway in the annual flux of 

CH4 and CO2 from wetland ecosystems, providing an increased resolution to the 

pathways responsible for the atmospheric flux of greenhouse gases from the Earth’s 

surface. 

Packed and Unpacked PVC columns   

Our column study suggested that the physical structure of standing dead trees 

could drive accumulation of greenhouse gases from wetland sediments even without 

additional gases produced from the decay of woody tissue. In the case of the unpacked 

columns, there appeared to be no impediment to atmospheric exchange, and experimental 
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results indicated that the column airspace was well-mixed with the atmosphere. In the 

packed columns, gas accumulation followed an expected pattern. The mean 

concentrations of CH4 and CO2 in the column airspace at a given height accumulated 

over time, indicating that the mixture in the columns impeded free atmospheric exchange. 

At all heights, the mean column airspace concentrations of these greenhouse gases were 

elevated well above background atmospheric concentrations within 24 hours of column 

installation. In addition, a concentration gradient was established for both CH4 and CO2 

within column airspace, with the highest mean gas concentrations closest to the water-

atmosphere interface (0 cm) and decreasing with distance from the source of the flux (i.e. 

0 cm > 20 cm > 60 cm).  

There was high variability in the dataset, which could result from hotspots of 

decomposition, methanogenesis, and/or gas transport processes (e.g ebullition) in the 

sediment (Schimel, 1995; Cooper et al., 2014; DelSontro et al., 2014). The variability 

could have also resulted from changes in atmospheric conditions during sampling periods, 

as small variations in atmospheric pressure have been demonstrated to induce gas 

movement across exchanging surfaces (e.g. lenticels and xylem) in plants (Hook & 

Brown, 1972).  During one sampling event, a storm system was moving through the area. 

When having difficulty extracting a gas sample from a packed column at water level, a 

gust of wind pulsed through the site and the sample was easily extracted. According to 

Bernouilli’s principle, as fluid speed increases, fluid pressure drops. Therefore, fast 

moving air generates a lower pressure than still air. It is possible that this burst of wind 

could create a vacuum, suctioning accumulated gases out of the column airspace, and 

pointing towards a potential mechanism for the induction of fluxes across the plant-
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atmosphere interface in snags. In fact, Bernouilli’s principle has been demonstrated to 

induce gas flows in other non-living structures built from biological activity (Vogel et al., 

1973). Therefore, it appears possible that variations in atmospheric conditions during 

sampling periods could be an additional source of the high variability in column airspace 

concentrations. Despite this variation, these data reinforce the pattern that was observed 

in Carmichael & Smith (2016b) and suggest that the physical structure of snags alone 

may elevate trunk concentrations without carbon gases produced from the decomposition 

of plant material. 

Greenhouse gas sampling from trunk airspace 

 Results from trunk airspace greenhouse gas sampling confirmed the development 

of a concentration gradient across the snag-atmosphere interface, a necessary first step for 

snags to act as a source of carbon flux to the atmosphere. These data are consistent with 

results from a 2014 pilot project at TOWeR (Carmichael & Smith, 2016b) that 

demonstrated both the accumulation of carbon-based greenhouse gases within the trunk 

airspace of snags and the establishment of a concentration gradient within trunk airspace. 

However, methodological limitations in the 2016 study did not allow for the 

determination of the source of the accumulated gases (i.e. decomposition of woody tissue 

in the snag or plant-mediated transport from the sediment). 

Plant-Atmosphere greenhouse gas fluxes 

 Snags were confirmed here as a novel pathway in the annual flux of carbon gases 

from wetland systems. In the present study, there were no clear spatial patterns in the data 

that were collected and many of the chambers did not meet quality control standards, 

indicating that some fluxes may be too small to be detected due to instrumentation limits. 



202 

 

However, among detectable fluxes, there was evidence of both CH4 and CO2 production 

and consumption across the plant-atmosphere interface. For both CH4 and CO2, plant-

atmosphere fluxes were lower in magnitude than those measured across both the water- 

(this study) and soil-atmosphere interfaces (Morse et al., 2012) at TOWeR. However, 

fluxes of CH4 in this study were similar in magnitude to those measured from both live 

trees and coarse woody debris in other studies of both wetland (Pangala et al., 2012) and 

upland (Wang et al., 2016; Warner et al., 2017) systems. CO2 fluxes are rarely reported 

in the literature related to the role of woody vegetation in the annual flux of greenhouse 

gases from wetland systems, but the values in our study largely agree with those 

measured in live trees and coarse woody debris in upland systems by Warner et al. (2017). 

Despite the growing body of literature on the role of plants in the annual flux of 

carbon gases from wetland systems, much is yet to be learned about this pathway, a 

statement that is especially relevant for the newly recognized pathway of snags. First, it is 

still unclear whether the ultimate source of the carbon gases in this study was 

decomposition of woody tissue, plant-mediated transport of sediment-borne gases, or a 

combination of both. Though results from the PVC column experiment demonstrate that 

soil-borne gases do accumulate in tree-like structures, methodological limitations in this 

study did not definitely resolve this question. Future experiments focused on measuring 

the potential for CH4 production and oxidation in tissue harvested from snags could help 

to clarify this unknown. Stable isotopic studies of gases trapped in a flux chamber might 

also be a useful approach [similar to Schwietzke et al. (2016)], though identifying 

sources of CH4 using this technique can be somewhat complicated (Newton, 2016).  
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Second, the abiotic and biotic controls on the magnitude and direction of carbon 

fluxes from snags are currently unknown. The state of decay (Warner et al., 2017), wood 

density (Pangala et al., 2012), and woody porosity (Visser & Bögemann, 2003) are all 

factors that likely influence fluxes from snags. Plant-microbe interactions may also act as 

a control on the strength and direction of fluxes. Negative CH4 fluxes were measured in 

this study and a comparison of gas concentration values in dead trunk airspace to those in 

biologically inert trunks (PVC columns) provides evidence that dead trunks, as 

biologically active structures, may actually play a role in mediating CH4 flux. 

Methanotrophic symbionts are known to colonize wetland plant tissue (Raghoebarsing et 

al., 2005), and it is possible this relationship could turn an individual plant from a source 

of CH4 to a sink if rates of CH4 consumption were high enough. Third, the mechanisms 

that induce the flux of carbon gases across the plant-atmosphere interface are yet to be 

elucidated. A flux could purely be diffusive, but it is also likely (see discussion above) 

that environmental conditions such as wind exposure may drive and/or enhance fluxes 

across the plant-atmosphere interface. Finally, from a source-strength perspective, little is 

known about the current spatial extent of ghost forests within coastal landscapes. Though, 

it is clear that ghost forest landscapes will become increasingly common in the future, as 

stressors associated with global climate change represent a present and imminent threat to 

coastal wetlands. This particularly true for wetlands of the United States’ Atlantic and 

Gulf coasts, where an estimated 58,000 km
2
 of land lies less than 1.5 m above sea level 

(Titus & Richman, 2001).  
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Water-Atmosphere greenhouse gas fluxes 

 The data also provided supporting evidence for the quantitative importance of 

water-atmosphere carbon fluxes from wetland ecosystems, an often overlooked 

component of gas transport processes in lentic and lotic freshwater systems (Bastviken et 

al., 2011; Poindexter et al., 2016; Stanley et al., 2016). Recent experimental evidence 

indicates that carbon fluxes across the water –atmosphere interface are likely a dominant 

transport pathway in wetland systems, especially during ebullition events (Walter et al., 

2006; DelSontro et al., 2014) and over nighttime hours (Poindexter et al., 2016), a 

window in which greenhouse gas flux measurements are rarely completed. In the present 

study, water-atmosphere fluxes of CH4 and CO2 were significantly higher (ca. two orders 

of magnitude and 4× respectively) than fluxes across the plant-atmosphere interface. For 

CH4, water-atmosphere fluxes were consistently higher than those measured at similar 

sites in TOWeR in July 2012 [Helton et al. (2014), CO2 fluxes were not reported in this 

study]. In addition, water-atmosphere fluxes of CH4 were an order of magnitude higher 

than mean soil-atmosphere fluxes measured in a multi-year study at TOWeR; for CO2, 

the ranges of water- and soil- atmosphere fluxes were within the same order of magnitude 

and overlapped (Morse et al., 2012). Though the focus of the present study was not 

necessarily hydrodynamic transport processes, data indicate that water-atmosphere flux 

of CH4 and CO2 may be a quantitatively important pathway in the atmospheric flux of 

greenhouse gases from wetland ecosystems. 

Conclusions 

 Results from this study have identified standing dead trees as a previously 

unrecognized pathway in the annual flux of CH4 and CO2 from wetland ecosystems. 



205 

 

However, several key questions remain regarding 1) the ultimate source of these carbon 

gases (i.e. sediment versus woody tissue decomposition pathways), 2) the abiotic and 

biotic controls on the magnitude and direction of this flux, 3) the mechanisms that induce 

this flux, and 4) the importance of this pathway relative to other sources at the landscape 

level. Over time, knowledge regarding the mechanisms that induce and control carbon 

fluxes from snags could lead to the development of management strategies aimed at 

decreasing greenhouse gas emissions from wetlands, as suggested in McInerney & 

Helton (2016). Globally, stressors associated with global climate change (i.e. sea level 

rise, saltwater incursion, and extreme episodic events such as intense drought or 

hurricanes) are already leading to the conversion of large swaths of coastal forested 

wetlands to ghost forest landscapes, increasing the spatial footprint of snags in coastal 

landscapes (Gilbert et al., 2012; Melillo et al., 2014) and the quantitative importance of 

standing dead trees in the annual flux of methane to the atmosphere.  
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Tables and Figure Captions 

Table VI-1 Plant-atmosphere and water-atmosphere carbon fluxes at TOWeR in July 

2016. Values are reported as mean±standard error and only represent chambers that met 

quality control criteria as outlined in the methods. Sample sizes are given in parentheses.  

Table VI-S1 Results of repeated measures analysis of variance for CH4 in packed 

columns. A YES indicates that there was a significant difference (P<0.05) between the 

two time points at a given height, and that this difference indicated an accumulation of 

CH4 over time. A NO indicates no significant difference. 

Table VI-S2 Results of repeated measures analysis of variance for CO2 in packed 

columns. A YES indicates that there was a significant difference (P<0.05) between the 

two time points at a given height, and that this difference indicated an accumulation of 

CO2 over time. A NO indicates no significant difference. 

Table VI-S3 Results of the analysis of variance for CH4 in packed columns. A YES 

indicates that there was a significant difference (P<0.05) between the two heights at a 

given time point, and that this difference indicated an accumulation of CH4 closer to the 

water-atmosphere interface. A NO indicates no significant difference. 

Table VI-S4 Results of the analysis of variance for CO2 in packed columns. A YES 

indicates that there was a significant difference (P<0.05) between the two heights at a 

given time point, and that this difference indicated an accumulation of CO2 closer to the 

water-atmosphere interface. A NO indicates no significant difference. 

Figure VI-1 Site map of the Timberlake Observatory for Wetland Restoration (a) in 

relation to the state of North Carolina and the Albemarle-Pamlico Peninsula (b). The 

white circle in panel 1a marks the location of the ghost forest stand where plant-
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atmosphere greenhouse gas fluxes were measured. The white square denotes the location 

of the chambers used to measure water-atmosphere greenhouse gas fluxes. Both panels 

were created using Google Earth; image is copyrighted by DigitalGlobe (2016). 

Figure VI-2 Representative ghost forest landscapes at the Timberlake Observatory for 

Wetland Restoration in Tyrrell County, North Carolina: (a) site for the measurement of 

plant-atmosphere fluxes; and (b) ghost forest where water-atmosphere flux chambers 

were deployed. 

Figure VI-3 Field equipment used to measure trace greenhouse gases: (a) packed and 

unpacked PVC columns used to measure the accumulation of greenhouse gases over time; 

(b) static flux chambers for water-atmosphere gas fluxes; and (c) static flux chambers for 

plant-atmosphere gas fluxes. 

Figure VI-4 CH4 and CO2 concentrations in packed (a, c) and unpacked (b, d) PVC 

columns over time. Values given as mean±standard error. In panels b and d, the solid line 

represents the mean greenhouse gas concentration in ambient air at the site, whereas the 

dotted lines indicate the 95% confidence interval of the mean.   

Figure VI-5 CH4 (a) and CO2 (b) concentrations in trunk airspace compared to the 

ambient air immediately outside of the trunk at 30 cm, 80 cm, and breast height (1.37 m). 

Values given as mean±standard error. Asterisks indicate significantly elevated 

greenhouse gas concentrations within the trunk airspace compared to the ambient air 

immediately outside of the trunk at a given height. The solid line represents the mean 

greenhouse gas concentration in ambient air at the site, whereas the dotted lines indicate 

the 95% confidence interval of the mean.  
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Figure VI-1 
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Figure VI-2 
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Figure VI-3 
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Figure VI-4 
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Figure VI-5 
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CHAPTER VII 
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 Ecosystem services are the benefits provided by ecosystems to humans, which is 

contingent on healthy and sustainable ecosystem function. Within the scientific 

community, global climate change is a widely-recognized reality, and it is clear that 

humans are the major contributors of both present and future planetary warming. In this 

light, one of the most important ecosystem services provided by our planet’s support 

systems is carbon sequestration, a regulating service that moderates the impact of 

increased anthropogenic and natural emissions of greenhouse gases.  

Due to the prevalence of saturated, anoxic sediments, wetlands are hot spots of 

carbon sequestration. Carbon dynamics in wetlands are controlled by processes that 

promote the accumulation of C in wetland sediment and/or soil and vegetation and those 

processes that govern the release of C via export as an atmospheric flux or via hydrologic 

transport. Thus, perturbations that impact these opposing processes alter carbon dynamics 

in these systems. Because of the substantial role that carbon gases (i.e. CO2 and CH4) 

play in global climate change, a greater resolution of the anthropogenic and biologic 

forces that control the source/sink dynamics of carbon in wetlands is important as society 

works towards mitigating current and future global warming.  

Coastal wetlands as a C sink: changing coastal hydrology and the future of coastal 

freshwater forested wetlands 

 Because oceanic seawater has a markedly different chemical composition than 

freshwater, saltwater incursion, the inland movement of saline water in coastal regions, 

represents a substantial threat to carbon sequestration in coastal freshwater wetlands. 

From a geomorphological perspective, vertical accretion of sediment in wetlands occurs 

as result of above- and belowground processes and is ultimately linked to the balance 
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between sedimentation and decomposition. The influx of SO4
2-

 rich seawater into 

anaerobic freshwater soils can lead to the stimulation of carbon mineralization (C export) 

and a decreased ability of freshwater wetlands to accumulate sediment at a rate that 

offsets sea level rise, ultimately impacting the survival of these critical ecosystems and 

the geomorphology of coastlines. From an ecological perspective, changes in the 

chemical composition of surface and groundwater associated with saltwater incursion, 

can lead to conditions that are conducive to stress in freshwater wetland vegetation (e.g. 

high sulfide levels, cation and osmotic stress, and ammonium toxicity) and may 

ultimately affect a suite of wetland ecosystem services, including carbon sequestration. 

 In Chapters II and III of this dissertation, I investigated the threat of saltwater 

incursion on carbon sequestration in bald cypress, a foundational species in a restored 

coastal freshwater forested wetland. Prior research by colleagues established that 

saltwater incursion has led to decreased measures in the DBH and height of bald cypress 

at our field site in areas that have been affected by seasonal fluctuations in salinity. So, it 

is clear that, in the long-term without mitigation efforts, ecosystem services such as 

carbon sequestration will be impacted as well. 

In Chapter II, I established a baseline ecophysiological profile for bald cypress at 

the Timberlake Observatory for Wetland Restoration (hereafter TOWeR) during a year 

when saltwater incursion was not detected at the site. To date, vegetation monitoring 

efforts throughout the restoration at TOWeR have largely been restricted to plot-based 

ecological assessments that target growth, survivorship, and maintenance of community 

composition. Therefore, these ecophysiological data will provide an added degree of 

depth to monitoring efforts at the site, as they provide the next step towards a more 
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mechanistic understanding of the recovery of ecosystem services. In addition, changes in 

plant ecophysiological parameters are often sensitive indicators of ecosystem stress and, 

when coupled with continued monitoring, could act as early-warning signals to buffer the 

success of restoration efforts by allowing for a more timely mitigation of sources of 

ecosystem stress. 

In Chapter III, I expand on the idea of the utility and benefit of including 

traditional ecophysiological techniques in restoration efforts by applying stable isotopic 

techniques to identify water source utilization in bald cypress. Experimental conclusions 

were hampered by the presence of a missing water source, but analyses indicated that 

bald cypress likely access pools of water impacted by saltwater incursion at the site. 

These data cast an ominous shadow on the future of the restoration area to maintain 

ecosystem function, as both sea level rise and saltwater incursion represents a long-term, 

dynamic threat to the Albemarle-Pamlico Peninsula. 

 Taken as a whole, these chapters point toward the utility of including traditional 

plant ecophysiological techniques in restoration planning and management, as these data 

provide additional insight into both the recovery of ecosystem function and the provision 

of critical wetland ecosystem services such as carbon sequestration. Future research in 

this area will target the development of a new sub-discipline in restoration ecology aimed 

towards utilizing ecophysiological measurements to enhance restoration planning and 

management- restoration ecophysiology. 
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Coastal wetlands as a C source: elucidating pathways responsible for the atmospheric 

flux of carbon from wetland ecosystems 

 Once methane is produced in wetland sediments, it has a variety of fates, 

including flux to the atmosphere across exchanging surfaces at the soil/sediment-, water-, 

and plant-atmosphere interfaces. Vegetation directly and indirectly influences methane 

dynamics in wetland systems through a variety of pathways. Through carbon exudation 

and the quantity and quality of plant litter, plants indirectly influence soil carbon 

dynamics. Wetland plants can also influence methane dynamics through rhizosphere 

oxidation. In addition, vascular plants can act as a conduit for the transport of methane 

from saturated wetland sediments to the atmosphere.  

 For a long time, plants were included as a distinct category in global CH4 budgets. 

However, the most recent IPCC report eliminated plants as a distinct category in its 

recently published global CH4 budget due to concerns regarding the quantitative 

importance of aerobic methane production by vegetation. Although aerobic methane 

production by vegetation is one direct pathway through which plants can contribute to the 

annual flux of methane to the atmosphere, there are several other indirect pathways that 

were not considered in the IPCC’s report. Therefore, in Chapter IV, I argue for the 

inclusion of plants as a distinct category in the global methane budget, estimating that 

plants contribute from 32 –143 Tg CH4 yr
-1

 to the annual atmospheric flux of this potent 

greenhouse gas. The upper end of this estimate identifies plants as a CH4 source 

potentially equivalent in strength to wetlands. 

 In Chapter IV, I identified standing dead trees as the remaining unknown pathway 

of plant-mediated CH4 transport from vegetated wetland ecosystems. Therefore, in 
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Chapters V and VI, I work towards the identification of standing dead trees as a novel 

pathway in the annual flux of carbon gases (i.e. CH4 and CO2) from wetlands. Though 

this pathway is now recognized, many unanswered questions remain regarding 1) the 

source of the carbon gases (i.e. woody tissue versus sediment composition), 2) the abiotic 

and biotic controls on the magnitude and direction of this flux, 3) the mechanisms that 

induce this flux, and 4) the importance of this pathway relative to other sources at the 

landscape level. 

Conclusions 

 The body of work presented in this dissertation provides further insight into the 

processes that control carbon source/sink dynamics in coastal freshwater forested wetland 

ecosystems. Though many questions remain regarding the future of these ecosystems in a 

changing climate, it is clear that alterations to these ecosystems and the services they 

provide will have important implications for the global carbon cycle. 
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