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Abstract

Forests are major sources of terrestrial methane (CH4) and carbon dioxide (CO;) fluxes but not
all surfaces within forests have been accounted for and measured. Stem respiration is a well-known
source of CO,, but more recently tree stems have been shown to be sources of CH, in wetlands and
upland habitats. | established a study transect along a natural moisture gradient, with one end
anchored in a forested wetland, the other in an upland forest with a transitional zone at the midpoint.
Stem and soil fluxes of CH4 and CO, were measured using static chambers during the 2013 and 2014
growing seasons, from May to October. Measurable CH, fluxes from tree stems were not always
observed, but every individual tree in my experiment released measurable CH, flux at some point
during the study period. Automated, high frequency stem flux measurements indicate that stem
temperature or transpiration may be driving CH, fluxes. These results indicate that tree stems
represent overlooked sources of CH,4 in forested habitats and warrant investigation to further refine
CH4 budgets and inventories.

Soil respiration is one of the largest annual fluxes of carbon to the atmosphere and tropical
rainforests have some the highest soil respiration rates of any ecosystem. | measured soil respiration in
a tropical rainforest in eastern Ecuador using traditional chamber-based methods and newer, unproven
gradient methods. The gradient methodology has the potential to provide continuous soil respiration
measurements, greatly reducing uncertainty in global soil respiration estimates, but it did not work well
in the wet, high clay soils found at my site. Further refinement of the gradient method is required before

it can be usefully deployed in soil respiration studies.
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1. Introduction
Anthropogenic activities are drastically changing the composition of important greenhouses

gases in Earth’s atmosphere. By changing the concentration of greenhouse gases, Earth’s radiative
balance is altered, allowing for more infrared heat to be trapped in the atmosphere, land and oceans,
leading to a general warming of the planet. Carbon dioxide (CO,) and methane (CH.) are considered to
be the most important anthropogenic greenhouse gases, responsible for 1.82 W m~2 and 0.48 W m™ of
radiative forcing, respectively (IPCC 2013). Both CO, and CH4 have more than doubled from preindustrial
levels. Methane, in particular, is a potent greenhouse gas with a global warming potential of 30 and has
an atmospheric lifetime of 8-10 years. Etminan et al. (2016) found that radiative forcing from CH,4 could
be 25% higher than previously calculations, illustrating the need to better understand the sources, sinks

and uncertainties of CHa.

Methane sources and sinks can be calculated using a top-down or bottom-up approach. Top-
down approaches use atmospheric observations and inversion models to estimate optimal surface
fluxes. Bottom-up models use process-based models to estimate emissions and can incorporate
empirical knowledge about fluxes. Using bottom-up methodology, the total annual CH, sources from
2000-2009 have been estimated to be from 678 Tg CH4 yr! (Kirschke et al. 2013) to 719 Tg CH4 yr!
(Saunois et al. 2016a). Those estimates are the ensemble values, with other bottom-up models
projecting total annual sources as low as 542 Tg CH4 yr (Kirschke et al. 2013) to as high as 861 Tg CHa yr

! (Saunois et al. 2016a). Top-down approaches tend to result in smaller magnitude sources and sinks.

Natural and anthropogenic sources of CH, are comparable in size. From 2000-2009, using
bottom-up methodology, estimated that total natural CH, sources were 347 Tg CH4 yr and total

anthropogenic sources were 331 Tg CH4 yr't. Natural sources of CH4 are natural wetlands, wildfires,



lakes, termites, CH, seeps, and others. Anthropogenic sources can be domesticated ruminants, rice

paddies, landfills, fossil fuels, and biomass burning.

The origin of CH4 can be broken down into three types; biogenic, thermogenic, and pyrogenic.
Biogenic, thermogenic, and pyrogenic CH4 can have both natural and anthropogenic sources. Biogenic
methane is produced by methanogens, specifically archaea, in anoxic conditions (Conrad 2007). Archaea
can be found in wetland soils and the stomachs of ruminants. Thermogenic methane is created by high
temperature chemical reactions of organics. Natural geologic methane seeps and drilling for petroleum
can release thermogenic CHs4 to the atmosphere. Pyrogenic methane is created by incomplete

combustion of organic matter. Both natural and man-made fires produce pyrogenic CHa.

There are two ways that CH4 can be removed from the atmosphere; reactions with hydroxyl
radicals (OH) and consumption by methanotrophic bacteria in upland soils. Depending on the
methodology, total sinks in the last 20 years have been estimated to be as low as 514 Tg CH, yr* and as
high as 785 Tg CH4 yr! (Kirschke et al. 2013). The majority of CH,, approximately 92-96%, is removed

from the atmosphere by reactions with hydroxyl radicals (OH), which occur primarily in the troposphere.

The remainder of CH, is removed by bacteria in unsaturated, oxic, upland soils. Methanotrophic
bacteria consume CH,4 that has diffused into the soil from the atmosphere and require oxygen for
metabolism. Other than temperature and nutrient availability, one of the major controls on CH,4
consumption is soil water content which varies through time. Therefore, CH4 consumption rates will vary
through time and if soil water content increases enough to block sufficient oxygen diffusion, a normally
oxic soil can become a source of CH4. The converse is also true of wetland soils, illustrating the ongoing
need to better model and observe soil water content on a global scale. Median estimates of global soil
uptake since 2000 are 28-36 Tg CH, yr! (Kirschke et al. 2013, Saunois et al. 2016a) but with a range of 9-

47 Tg CHa yr* (Curry 2007). These median estimates represent 4-8% of total CH, sinks.



With CH4 sources greater than sinks, the concentration in the atmosphere has been generally
increasing since the late 18" century. Atmospheric CHs concentration had averaged 695+40 ppb from
1000 to 1800 A.D. but began increasing steadily 200 years ago (Etheridge et al. 1998). Over the last
several decades, however, the growth rate of CH; concentration has not been as steady as other
greenhouse gases such as CO; and nitrous oxide (N,0) (Dlugokencky et al. 2011). The growth rate of CH,
in the atmosphere was exceptionally high from the 1940’s through the 1970’s (Etheridge et al. 1998) but
began slowing in the early 1980’s (Dlugokencky et al. 1998). It is believed this accelerating rate from
1940 to 1980 can be explained by increasing development, industrial activity and anthropogenic

emissions. The decrease in growth rate since 1980, however, cannot be easily explained.

The most enigmatic period of atmospheric CH4 concentrations was from 1999 until early 2007.
During this eight-year period, atmospheric CH4 concentrations, which had been growing for 200 years,
did not significantly change. This period is often referred to as the “CH, hiatus”. A variety of plausible
but sometimes contradictory explanations have been put forth to explain the CH, hiatus. Some studies
have suggested that a decrease in natural sources was responsible, specifically decreased emissions
from wetlands, northern peatlands, and drier soils (Spahni et al. 2011, Nisbet et al. 2016). Other studies
have indicated that decreased emissions of CH, from the fossil fuel industry caused the hiatus (Aydin et
al. 2011). Isotopic CH4 evidence may support the theory that decreased natural gas production during

and after the collapse of the Soviet Union resulted in the hiatus (Schaefer et al. 2016).

While the reasons for the CH, hiatus are still being debated, since 2007 atmospheric CH,4
concentrations have begun to rise again. In 2014 the global atmospheric CH4 concentration increased
more than 12 parts per billion (ppb), which is the largest year over year increase in more than 25 years
(Nisbet et al. 2016). Mounting isotopic evidence seems to indicate that the increase in the growth rate
of atmospheric CH,4 since 2007 have been caused by changes in the contributions of biogenic CH,

(Simpson et al. 2012, Schwietzke et al. 2016). And because of the increased growth of CH,4 since 2007,
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and the reduced growth of anthropogenic CO; in the last several years (Le Quere et al. 2015), CH, is
playing a growing role in climate change (Saunois et al. 2016b). The recent increases in CH4 have set
Earth’s atmosphere on a path that is incompatible for all Representative Concentration Pathways (RCP)

except RCP8.5, the highest pathway of increased radiative forcing.

The biogeochemical community’s inability to explain both the CH,4 hiatus and atmospheric
methane’s shift towards biogenic sources has led to a reinvestigation of ecosystems, processes, and
assumptions. Saunois et al. (2016a) found that uncertainties in natural emissions were higher than
uncertainties for anthropogenic emissions, indicating that further study and measurement is required to
reduce budget uncertainties. These large and persistent uncertainties in natural emissions have led to
efforts to refine measurements of known sources and sinks of CH4 (Schwietzke et al. 2016) but to also

look for novel sources of CH; emissions.

While nearing the end of the CH4 hiatus, data from the SCIMACHY instrument aboard the ENVISAT
satellite revealed disagreements between models of CHs emissions and direct observations of column
CH4 concentrations from space, particularly over tropical forests (Frankenberg et al. 2005). Above
tropical forests, concentrations of CH,; were consistently higher than predictions from bottom-up
models. Later, the differences were found to be smaller than initially reported (Frankenberg et al. 2008),
biasing the satellite measurements high due to previously unknown spectroscopic interaction between
water vapor and CH,. But even after measurements were corrected, satellite derived CH, concentrations
were higher relative to models, indicating there may be an unaccounted source of CH, in tropical

forests.

Shortly after Frankenberg et al. (2005) reported mismatches between modeled and measured
CH4 concentrations, Keppler et al. (2006) reported CH4 emissions from both fresh and dried Fraxinus and

Fagus leaves under aerobic conditions. Using net primary productivity (NPP) as a basis to scale CH,4



emissions, they produced a global estimate of 62-236 Tg CH, yr from leaves and litter, which is
approximately 10-33% of total annual CH,4 sources. Unknown sources that high would require a
complete re-accounting of CH, sources. A global estimate of CH4 emissions from leaves would likely be
more accurate using leaf biomass and sunlight intensity (Megonigal and Guenther 2008). Keppler et al.
(2006) posited that CH4 anomalies in the tropics observed by Frankenberg et al. (2005) could be the
same novel leaf emissions they had documented. While the global estimate was received skeptically,
subsequent studies have shown that live leaves and leaf litter do emit CHs from UV degradation of

pectin (Keppler et al. 2008, Vigano et al. 2008).

Another potential novel source that may explain satellite observed tropical CHs anomalies are
tank bromeliads (Martinson et al. 2010), which harbor methanogens and emit CH4 from standing water
and leaves. Carmichael et al. (2014) categorized tank bromeliads and the methanogens that they
provide habitat for as cryptic wetlands. This illustrates that many wetland plants and the microbial

communities they associate with are poorly understand from a biogeochemical prospective.

For nearly 40 years it has been known that CH4 can be released from herbaceous plants in
wetlands (Dacey and Klug 1979) through porous tissue known as aerenchyma. Along with ebullition and
diffusion, herbaceous plant mediated emissions are recognized as one of the three main sources of CH,
in wetlands. It has been estimated that 90% of CH, emissions from rice cultivation is mediated by the
rice plant itself (Mayer and Conrad 1990). While herbaceous plants are accepted as CH4 sources, with
the exception of a few studies (Pulliam 1992, Vann and Megonigal 2003), not until recently has any

attention been paid to the potential of wetland trees as emitters of CH,.

Approximately 60% of wetlands are forested (Matthews and Fung 1987), so determining tree
stems as a potential emitting surface should be a priority. Terazawa et al. (2007) demonstrated that

significant amounts of CH, could be emitted from the stems of temperate wetland trees in a floodplain



with shallow groundwater. They also found that emissions decreased with height indicating that the
source of CHs may be belowground production in the soil or groundwater. In a short study, Gauci et al.
(2010) found a similar pattern of decreasing stem fluxes with increasing stem height in a mature
wetland alder stand and notably, the fluxes were in the same order of magnitude as the soil surface CH,4
fluxes. It was suggested that the CH4 was originating from belowground and could be exiting the stem
through lenticels via aerenchyma tissue. Aerenchyma is primarily associated with herbaceous plants but
has been reported in trees exposed to flooding (Kozlowski 1997), particularly tropical trees (De Simone
et al. 2002). In a tropical peat wetland, stem CH4 emissions were found to be higher than soil CH,4
emissions and it was estimated that as much as 87% of the CH4 emissions were coming from tree stems
(Pangala et al. 2013). In a yearlong study of a temperate wetland, it was estimated that over 30% of CH,
could be emitted from tree stems (Pangala et al. 2015) and significant differences were seen between
the two species that were monitored. It should be noted that several studies have looked for diurnal
cycles in wetland CH4 fluxes but have not observed them (Pangala et al. 2014, Terazawa et al. 2015).
The sampling frequency in the two studies was between 6 and 12 measurements per day which may not

be frequent enough to measure diurnal variation.

In addition to the previously mentioned field studies, controlled laboratory experiments focused
on wetland trees have shown that CH, and other gases can be diffused through woody tissue (Rusch and
Rennenberg 1998, Rice et al. 2010, Pangala et al. 2014). With consistent and mounting evidence that
wetland tree stems are sources of CHg, the next logical step is to test if tree stems in drier habitats are

also emitting CHa.

Trees in upland forests have been shown to have sources of CH4 contained within their stems.
Over a century ago elevated CH4 concentrations were reported from in-situ measurements of tree stems
(Bushong 1907). This has been confirmed more recently by several studies (Zeikus and Ward 1974,

Covey et al. 2012). Some measured concentrations of CH4 from tree stems are above 10,000 ppm. Covey
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et al. (2012) modelled stem CH4 emissions but did not directly measure fluxes. Beyond assumed or
modeled stem emissions from high internal concentrations due to heart rot, it is possible that the same
mechanisms that have been proposed for the stem CH4 emissions in wetlands could result in emissions
in upland forests with drier soils. But few studies have attempted to replicate the methodologies in

upland forests that Terazawa et al. (2007) and Gauci et al. (2010) used in wetland forests.

Upland forests are assumed to be sinks of CH4 (Dutaur and Verchot 2007) because their soils are
dry enough to promote net methanotrophic activity. Measuring CH, flux in soils quantifies the net CH,4
activity but CH, production and CH, consumption are occurring in both wet and dry soils. Methanogenic
archaea are pervasive in both anoxic and oxic soils (Angel et al. 2012), meaning that CH, can be
produced if conditions are favorable. Beyond stem emissions from high internal concentrations due to
heart rot, it is possible that the same mechanisms that have been proposed for the stem CH, emissions

in wetlands could result in emissions in upland forests with drier soils.

Soil moisture is the major driver of belowground oxygen availability. In a wetland, soil moisture
measurements likely reflect conditions throughout the soil profile, but in an upland forest, surface

conditions do not represent the steeper, more variable, vertical soil moisture gradient.

A majority of tree root biomass lies in the top 30 cm of the soil, where the soil is mostly oxic and
the soil moisture is lower relative to the deeper soil profile. But some roots can utilize relatively deep
groundwater, deeper than 5m and as much as 25m (Jackson et al. 1999). If the groundwater contains
dissolved CH,, it is possible that CH, could be transported through woody tissue aboveground, bypassing
oxic soil layers where it would normally be consumed by methanotrophic bacteria. Upland tree roots
that are shallow in the soil may also be near anoxic microsites. These microsites can be local sources of
CH4 (von Fischer and Hedin 2002, 2007). This CH,4 could be entrained in the transpiration stream and

transported aboveground, ultimately being emitted from stems and leaves.



With mounting evidence that multiple novel or overlooked sources of CH4 can be emitted from a
biome, forest, or even a single plant, some have suggested that vegetation should be included in global
budgets (Carmichael et al. 2014). Consequently, in a recent review of the CH, budget, fluxes from trees

and non-wetland plants are starting to be considered in global budgets (Saunois et al. 2016a).

Traditional methods of characterizing greenhouse gas fluxes are systematically missing some
surfaces that could be significant emitters in natural ecosystems. The second and third chapters of this
thesis address the potential of tree stems to emit CH4 in a temperate deciduous forest. The second
chapter investigates trees and soils in an upland forest during one field season and looks for drivers that
may explain the timing and magnitude of these fluxes. An automated system was constructed to make
high frequency CH,4 flux measurements on several trees and determine if diurnal fluxes could be

observed.

The third chapter explores stem and soil CH,4 fluxes from trees along a natural moisture gradient
during two growing seasons, 2013 and 2014. A transect was established with one end in a forested
wetland and the other in an upland forest. Variables such as trees species, soil moisture, groundwater

depth were studied.

While CH, is a potent greenhouse gas and its relative sources are poorly constrained, CO; is
currently responsible for over three times more radiative forcing than CH,4 (IPCC 2013). Of the various
annual fluxes of CO, to the atmosphere, soil respiration is one of the largest and is growing. It was
estimated that global soil respiration was 98 + 12 Pg C yr! in 2008 and during the time period of 1989 to
2008, soil respiration has been increasing by 0.1 Pg C yr (Bond-Lamberty and Thomson 2010b). The
atmosphere currently contains over 850 Pg of carbon (at 400 ppmv), meaning that every year the
equivalent of more than 10% of atmospheric CO; cycles through soils via soil respiration. Anthropogenic

emissions of carbon were recently estimated to be 9.8 + 0.5 Pg C yrin 2014 (Le Quere et al. 2015)



which indicates that soil respiration is approximately 10 times higher than anthropogenic emissions and
the uncertainty for global soil respiration is larger than the sum of human emissions. Therefore, if
human emissions can have an effect on the atmosphere, small changes in soil respiration also have

effect on atmospheric CO; concentrations.

Based on a recent database of soil respiration studies (Bond-Lamberty and Thomson 2010a),
only 10% of data is collected in the tropics due to a heavy bias towards temperate biomes. But it has
been estimated that two thirds of global soil respiration is emitted from the tropics (Bond-Lamberty and
Thomson 2010b) and one quarter of global soil respiration is from broadleaf tropical rainforests forests
(Raich et al. 2002). Studying tropical forests may be one way to create better estimates of global soil

respiration and reduce its uncertainty.

Soil respiration is most often measured using open bottom chambers that are placed on the soil
surface. To determine the soil efflux, after the chamber is closed, the rate of CO, accumulation in the
headspace can be converted into a mass flux. Some of the advantages of using chambers are that they

are small, portable, relatively inexpensive and deployable to remote sites.

While the chamber method is the most commonly used in soil respiration studies, it has its
drawbacks. The chamber distorts the natural CO, concentration gradient between the soil and air while
taking a measurement (Davidson et al. 2002). Measurements are often infrequent because they are
limited by time and labor. Automated system can improve the sampling rate but can often only collect
measurements once an hour, which may not be fast enough to understand some soil processes (Lee et

al. 2004), and are used in only a fraction of all soil respiration studies.

The gradient method involves measuring CO; concentrations at several depths in the soil and
estimating soil CO, efflux using diffusion-based models (Penman 1940, Marshall 1959, Moldrup et al.

2000). These models use parameters such as soil moisture, soil temperature, bulk density, and soil



texture to calculate the effective diffusivity. In the last two decades, ruggedized CO, sensors that can be
placed into the soil, allow for long term and continuous measurements to be made. These sensors
measure CO; in-situ via diffusion into a small absorption cavity as opposed to physically withdrawing a
soil-air sample from the subsurface and introducing it into an analyzer. The gradient method does not
change the soil-to-atmosphere CO, gradient like the chamber method can. The soil CO, sensors can also

provide additional information about the soil CO, depth profile.

The gradient method still has some limitations. While the disturbance to the soil is less than the
chamber method, the presence of the CO, probes will still change the soil environment (Maier and
Schack-Kirchner 2014). The gradient method measures a small area of the soil, and because soil
respiration is heterogenous, more replicates may be required than other methods to characterize a
particular study site. The diffusion models used to estimate soil respiration are largely empirical and
were validated on high sand and silt soils. Therefore, the diffusion models may not accurately
extrapolate to other soil textures. The tropics generally have higher clay contents due to increased

weathering. Only one study has used the gradient method in a tropical forest (Vargas and Allen 2008).

The fourth chapter presents measurements of soil respiration in a tropical broadleaf rainforest
using both the chamber and gradient methods. The study site was not a seasonally wet rainforest but
soil respiration was measured during the historically driest and wettest months of the year to capture
how differences in soil moisture may affect soil respiration. Because of the wet, high clay soils at the
study site, there may need to be more validation studies in clay soils to refine the gradient method

before it can be usefully deployed in tropical environments.
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2. Temperate Forest Methane Sink Diminished by Tree Emissions

Abstract

Global budgets ascribe 4-10% of atmospheric methane (CH4) sinks to upland soils and have
assumed until recently that soils are the sole surface for CH, exchange in upland forests. Here we report
that CH, is emitted from the stems of dominant tree species in a temperate upland forest, measured
using both the traditional static-chamber method and a new high-frequency, automated system. Tree
emissions averaged across 68 observations on 17 trees from May-Sep were 1.59+0.88 pmol CHs m? h!
(meant95% Cl), while soils adjacent to the trees consumed atmospheric CH, at a rate of -4.52+0.64
umol CHs m? h'' (P<0.0001). High-frequency measurements revealed diurnal patterns in the rate of tree
stem CH,4 emissions. A simple scaling exercise suggested that tree emissions offset 1-6% of the growing

season soil CH4 sink and may have briefly changed the forest to a net CH, source.

2.1. Introduction

Upland (free-drained) soils are estimated to consume 20-45 Tg methane (CH4) per year (Topp
and Pattey 1997, Dutaur and Verchot 2007, Kirschke et al. 2013, Schlesinger 2013), a sink comparable to
the rate of CHs accumulation in the atmosphere and, therefore, capable of influencing the radiative
forcing caused by this potent greenhouse gas. Global CH, budgets, Earth system models, and carbon
accounting policies have generally assumed that the role of upland forests can be determined by
measuring the rate of CH, fluxes at the soil surface. This assumption is problematic in forests where soils
but not whole trees can be enclosed in gas flux chambers, the most common technique for quantifying
upland CH, fluxes. A variety of evidence now makes it clear that all biological surfaces in upland forests
have the potential to exchange CH,4. These include reports of novel sources of CHs emissions in

nominally upland ecosystems (Keppler et al. 2006, Martinson et al. 2010, Lenhart et al. 2012), eddy flux
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evidence of hot spots or hot moments of forest CH4 emissions (do Carmo et al. 2006, Shoemaker et al.
2014) and elevated CH4 concentrations in tree stems (Bushong 1907, Zeikus and Ward 1974, Covey et al.

2012).

Despite significant advances in identifying novel sources of CH, in upland forests, the
consequences for upland forest CH, budgets have been highly speculative due to a lack of in situ
observations of CH4 emissions across surfaces other than soils. Abiotic emissions driven by UV radiation
(Keppler et al. 2008, Megonigal and Guenther 2008), fungal emissions from wood surfaces (Lenhart et
al. 2012) and microbial emissions from wood cores (Zeikus and Ward 1974, Wang et al. 2016) have been
measured in laboratory settings. Emissions from living tree stems were modeled from CH4 concentration
gradients and estimates of gas diffusion constants (Covey et al. 2012). Until recently it was difficult to
judge whether these potential upland CH4 sources are quantitatively important because there were no
direct, in situ emissions data other than from tropical forest tank bromeliads (Martinson et al. 2010).
This changed recently with direct CH4 flux measurements from the living stems and shoots of three
temperate forest tree species — Populus davidiana, Carya cathayensis and Larix gmelinii -- in China
(Wang et al. 2016); the stems and shoots of Pinus sylvestris in a European boreal forest (Machacova et
al. 2016); the stems of several hardwood species in a temperate hardwood forest in eastern North
America (Warner et al. 2017); and stems of Fagus sylvatica in a temperate European forest (Maier et al.

2017).

Representation of CH, emissions from upland ecosystems has been acknowledged in global
models and budgets (Saunois et al. 2016a) but remains limited by in situ flux measurements from non-
soil surfaces. The global contributions of CH4 from abiotic production, fungi and epiphytes are difficult to
estimate, but are expected to be too small to adequately explain the potential source-sink imbalance of
8-46 Tg yr! (Kirschke et al. 2013). Coarse woody debris is a source of CH4 emissions from termites and

microorganisms that may be significant (Carmichael et al. 2014, Covey et al. 2016, Warner et al. 2017).
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Living tree stems are potentially a large CH4 source in upland forests (Covey et al. 2012, Machacova et al.
2016, Wang et al. 2016, Warner et al. 2017), and are known to be a significant CH, source in floodplain
forests (Terazawa et al. 2007, Terazawa et al. 2015) wetland forests (Pulliam 1992, Gauci et al. 2010,
Pangala et al. 2013). In floodplain and wetland forests, the source of tree-emitted CH, has been
assumed to be biological production in saturated soils with subsequent transport through aerenchyma
tissue or transpiration. But in upland forests there is evidence that the CH, emitted from living tree
stems is produced biologically in wood (Bushong 1907, Zeikus and Ward 1974, Covey et al. 2012, Wang

et al. 2016). Distinguishing between sources (e.g. wood, soil) is critical for global CHs models.

Our objectives were to quantify CHs emissions from tree stems in an upland temperate forest
and to evaluate whether soil moisture, tree species and tree activity regulate the size and timing of
emissions. We hypothesized that upland trees emit CH, from stems; soils are a source of stem-emitted

CH4; and stem emissions offset a meaningful fraction of net CH, consumption by soils.

2.2. Materials and Methods

Study Site

This study was conducted in a mature, temperate, deciduous, upland forest located at the
Smithsonian Environmental Research Center near Annapolis, Maryland, USA. The site isin a 226 ha
forested watershed drained by a second-order stream (watershed 101 in Correll et al. (2000)). It
presently has a closed canopy and very little understory (Yesilonis et al. 2016). The dominant species
include Liriodendron tulipifera L., Quercus spp., F. grandfolia Ehrh, and Carya spp. (Brush et al. 1980).
Mean rainfall is 1001 mm, mean annual temperature is 12.9°C, and the soils are well-drained fine sandy

loams or sandy loams classified as Typic Hapludults (Yesilonis et al. 2016).
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Table 2-1: Tree Species and relative elevations of stems and groundwater wells. Minimum (min) and maximum (max) depth to
water table was estimated from the water table depth below the soil surface at the well located closest to each tree, and the

elevation of the tree in relation to that well.

Elevation Min Water Max Water
DBH Wetland | Above Well | Table Depth | Table Depth
ID Tree Species (cm)* Type* 2(m) (m) (m)
12001 | Fagus grandifolia 56.1 FACU 5.132 3.33 4.03
12002 | F. grandifolia 56.2 FACU 0.419 0.65 1.62
12003 | F. grandifolia 53.0 FACU 2.270 2.50 3.47
12006 | F. grandifolia 44.9 FACU 0.936 1.17 2.14
12008 | F. grandifolia 314 FACU 5.113 3.32 4.01
12010 | Lireodendron tulipifera 31.8 FACU 6.009 4.21 491
12011 | Carya tomentosa 22.8 None 5.360 3.56 4.26
12012 | F. grandifolia 55.9 FACU 6.907 5.11 5.81
12013 | Quercus velutina 65.8 None 7.445 6.01 6.23
12014 | Q. michauxii 65.9 FACW 6.887 5.09 5.79
12015 | Acer rubrum 17.0 FAC 6.271 4.47 5.17
12016 | L. tulipifera 71.1 FACU 6.256 4.82 5.04
12017 | F. grandifolia 47.1 FACU 7.658 6.22 6.44
12018 | Liquidambar styraciflua 34.8 FAC 8.123 6.69 6.91
12019 | L. styraciflua 27.2 FAC 6.000 4.56 4.79
12020 | L. styraciflua 21.9 FAC 8.962 7.48 7.70
12021 | L. tulipifera 92.6 FACU 7.473 6.04 6.26
Well 2 0.000 0.29 1.20
Well 3 4.749 2.95 3.65
Well 4 6.928 5.45 5.67

" DBH = diameter at breast height of the main tree stem.

*Wetland type is from the USDA classification database. Abbreviations are Facultative Upland (FACU,
usually occur in non-wetlands), Facultative Wetland (FACW, usually occurs in wetlands), Facultative
(FAC, occurs in wetlands and non-wetlands), and species without a USDA Wetland Status (None).
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Figure 2-1: Depth to groundwater in Well 2 recorded by a continuous logger groundwater data logger during the study period in
2014. The water level is relative to the ground surface. Well 2 was at the lowest elevation in the transect, and closest to the
forested wetland boundary; all of the trees in the study were at a higher elevation than this well.

A transect 120 m in length was established along a south-facing slope with a 5% grade,
with an elevation difference between endpoints of 7 m. The depth to groundwater across the transect
varied from 3.3-7.7 m below the soil surface (Table 2-1); three of the F. grandifolia trees in the study
grew at a relatively low elevation where the water table ranged from 0.7 to 3.5 m (Table 2-1). Water
depth was recorded using a groundwater elevation logger (Aqua Troll 200, In-Situ Inc., Fort Collins,
Colorado, USA). Elevations were surveyed with a laser-based total station (Topcon Positioning Systems
Inc., Livermore, California, USA) capable of millimeter precision. The tree species in the study were L.
tulipifera, F. grandifolia, Carya tomentosa (Lam.) Nutt., Quercus velutina Lam., Quercus michauxii Nutt.,

Acer rubrum L. and Liquidambar styraciflua.
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Flux Measurements

Seventeen trees were fitted with opaque acrylic chambers, as seen in Figure 2-2 (Ryan 1990).
Each tree was paired with a soil gas flux chamber within 1 m of the base. Stem chambers were
permanently fixed at 30-60 cm above the soil and secured with elastic shock cord. An airtight seal
between the chamber and the stem was created with closed-cell neoprene foam, sealed with non-VOC
dental impression material (Examix™, GC America, Alsip, IL, USA). Soil rings were constructed from 30.5
cm-diameter schedule 80 PVC pipe buried 5 cm into the soil surface. Chambers were mounted a
minimum of one week before taking flux measurements, and remained in place for the duration of the

study.

Gas concentrations were measured using a portable Off-Axis Integrated Cavity Output

Spectroscopy (OA-ICOS) instrument (Los Gatos Research, Los Gatos, CA, USA). The instrument measures

- O (11 : - e
Figure 2-2: Example of the two types of flux chambers used in the study. Left: seventeen trees were fitted with manual
chambers that remained in place and open between flux measurements over the course of a growing season (May-Sep).
Fluxes were measured by securing a lid over the chamber and measuring concentrations for 5-10 min. Right: an automated
version of the same chamber design.
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CH4 in a range of 0.01-100 ppm with a precision of 0.002 ppm at 0.5 Hertz, and CO; in a range of 200-
20000 ppm with a precision of 0.3 ppm. The closed system drew headspace gas from the chamber,
measured CH4 concentration non-destructively, then returned the gas to the chamber. Each flux was

measured over 5-10 min and generated 2150 observations (Figure 2-3).
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Figure 2-3: Example of a single CH, and CO; flux measurement showing the sensitivity of the Off-Axis Integrated Cavity Output
Spectroscopy (OA-ICOS) instrument and the number of observations used for subsequent regression analysis to determine the
flux rate.

Stem and soil CH4 and CO; flux rates were measured monthly from May to Sep 2014 for a total
of five campaigns. In the first campaign (22-23 May), fluxes were measured once on seven individual

trees. In the second campaign (20 Jun) a set of 10 completely different trees were measured, such that
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there was no overlap between the individual trees measured in the May and Jun campaigns. Thereafter,
all 17 trees (Table 2-1) were measured once during each of the final three campaign (i.e. Jul 8-10, Aug
20-29 and Sep 17-22). Each tree measurement was paired with a single measurement of soil CH; and
CO: flux taken the adjacent soil chamber. The full dataset consists of four measurements (one on each
of four different campaigns) for every tree-soil pair. There were 68 tree observations and 68 soil

observations for a total of 136 flux measurements.

Both CO2 and CH4 were quantified from =150 concentration observations. We removed the first
20% of the observations to eliminate artifacts caused by closing the lid, estimated the slope using linear

regression, and calculated gas flux by following equation:

o d[CH,] y PV
T dt ART

where F is the flux in uL m?2h, P is atmospheric pressure, T is temperature, R is the universal gas
constant, A is the collar surface area and V is the volume of the air enclosed by the chamber. Air
temperature was measured by the OA-ICOS unit on gas circulating between the unit and the chamber.

Atmospheric pressure was based on a nearby weather station (<1 km).

We constructed an automated system for high-frequency tree CH, flux measurements to gain
insights on the source and mechanism of CH4 emissions from upland trees. The system was installed on
two new trees that had not been measured previously. The elevation of the trees was similar to those at
the highest elevation in the transect study, and separated by about 300 m. During a three-day period
(28-31 Jul 2014) CH4 and CO; fluxes were measured at 45 min intervals from the trunk of a single L.
tulipifera at three heights above the soil surface (75, 165 and 245 cm) and a single F. grandifolia at one
height (75 cm). Automated measurements were made using the same chamber design (Figure 2-2),

modified with a lid that was opened and closed by pneumatic cylinders and solenoids controlled by an
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Arduino Mega microcontroller. The manifold sampled from one chamber at a time in a closed loop for

eight minutes, flushing with ambient air for three minutes between measurements.

Statistical Analyses

The slope of gas concentration per time (2150 observations in each case) was determined by linear
regression analysis using the SAS® procedure Proc Reg. We used two criteria to determine whether the
slopes were statistically significant. The first was to reject regressions with P-values 20.05 and assign
them a flux of zero. Although this approach is statistically defensible, with 2150 observations the
analysis detected small but statistically significant fluxes, including two cases in which the regression
relationship was significant (P<0.05) but explained <10% of the variation (R?><0.10). The second criterion
was based on a graphical analysis of the distribution of R? values (Figure 2-4), in which we arbitrarily
assigned R?<0.80 as the threshold below which fluxes were set equal to zero. Flux data were analyzed
separately using the two criteria, recognizing that the R*-based criterion was more conservative. Based
on the criterion that fluxes with R?<0.80 were not reliably different than zero, and taking account of
chamber volume, the smallest detectable CH; consumption rate was -0.36 umol m2h?, and the smallest

detectable production rate was 0.03 pmol m2h™,
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Figure 2-4: The distribution of regression R? values as a function of the rate of CH, flux. The horizontal dashed line represents R?
=0.80

The SAS procedure Proc Univariate was used to calculate means and 95% confidence intervals,
and to perform a sign test of the hypothesis that fluxes were significantly different than zero at a=0.05.
The sign test is two-tailed and non-parametric. It was chosen because soil and tree flux data were
occasionally non-normal (Kolmogorov-Smirnov test); however, the outcomes of this non-parametric test
and a parametric t-test were always the same. The non-parametric Kruskal-Wallis test was used to test

for differences in CH, emissions across species using SAS Proc NPAR1WAY; C. tomentosa was excluded

20



due to an absence of variability (all fluxes were zero). SAS Proc CORR calculated Pearson correlations
between CH4 and CO; emissions from the automated system. CH, flux percentile distributions were
calculated in SigmaPlot® 12.0. The timing of peak flux in diurnal cycles of CHs and CO, emissions were
quantified by non-linear least squares using the Curve Fitting package of MATLAB R2106b (MathWorks,

Inc.).

Ecosystem Scaling Exercise

We performed a simple scaling exercise to estimate the fraction of soil CHs consumption that is offset by
stem emissions. A simple approach was adopted because tree flux rates did not relate to measured
explanatory variables including tree species, diameter, soil moisture content, soil temperature or air
temperature (P>0.05). Although such relationships may exist, sample sizes in this study were too small

to support a more complex approach to scaling.

Linear interpolation was used to calculate the average CH, flux during each of four time-
intervals between flux campaigns, then multiplied by number of days in the interval to estimate total
tree emissions and total soil consumption. This approach assumes that factors affecting CH,4 fluxes
changed linearly between consecutive sample events and does not attempt to model changes that
occurred between sample events. The approach can either over- or underestimate actual fluxes if there
is was a bias for high or low fluxes between samples. The conservative estimates of flux (i.e. R>>0.80)
were used for these calculations. The totals were scaled to ground area by calculating stem surface area
as a function of soil surface area using data from an adjacent 16 ha forest research plot (Anderson-
Teixeira et al. 2015). The trees in this study were chosen because they fell along a transect line, not
because they were a representative sample of the 16 ha plot. Nonetheless, the seven species in the

study are 74% the stems and 75% of the basal area in the 16 ha plot, with F. grandifolia, L. tulipifera, and
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L. styraciflua representing >60% of the stems and 64% of the basal area. Three meters is a reasonable
estimate because we show that CH, emissions were still occurring at 2.5 m on two trees, and there are
similar observations in the wetland tree literature (Pangala et al. 2013). Stem surface area to a height of
3 mis 13% of the soil surface area, therefore total tree CH,s emissions were multiplied by 0.13 to yield

tree emissions per unit ground area.

2.3. Results and Discussion

Using the criterion that fluxes with P-values <0.05 were significant, 65 of the 68 tree CH,4 flux
observations were highly significant (P<0.001), and three were statistically indistinguishable from zero
(P>0.05). Each of the seven upland tree species in the study was capable of emitting CHa, namely F.
grandifolia, L. tulipifera, C. tomentosa, Q. velutina, Q. michauxii, A. rubrum, and L. styraciflua. In six
cases, the fluxes indicated low rates of CH4 consumption (< -0.07 umol m? h) by tree stems. Using the
more conservative criterion that fluxes with R?<0.80 are indistinguishable from zero, 46 of the 68
observations were greater than zero, all of which were positive fluxes to the atmosphere. All of the soil
flux regression models had P-values <0.001 and R*>0.80. Soil CH, fluxes generally showed net CH,
consumption from the atmosphere as expected in an upland forest, with one exception in which the flux
was positive (Figure 2-5). Thus, different terrestrial-atmosphere interfaces (soils versus tree stems) in an
upland forest tended to simultaneously act as either a CH, sink (soils) or a CH4 source (stems), each

counteracting the influence of the other on net ecosystem CH, emissions.
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Figure 2-5: Upper panel: CH, fluxes across tree stems and soil surfaces in an upland (freely drained) forest. Lower panel:
Corresponding soil moisture as percent of volumetric water content (VWC, filled circles), daily total rainfall (bars), and daily
mean air temperature (solid line). CH, fluxes are plotted as box plots with box boundaries that represent 25t, 50t (median) and
75t percentiles; whiskers are 90th and 10t percentiles; and points are outliers. VWC is plotted as mean+95% Cl. Sample sizes for

CH4 and VWC were n=7 in May, n=10 in Jun, and n=17 on all other dates.
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Soil CH,4 flux averaged over the growing season was -4.52 + 0.64 umol m soil h™* (mean + 95%
Cl), which is similar to the global average for temperate forest soils of -4.07 umol m? h! (Dutaur and
Verchot 2007). Stem flux averaged 1.59 + 0.88 pmol m stem h? (p<0.0001). These averages and errors
were the same whether calculated using the more relaxed or conservative criteria for assigning fluxes a
value of zero, reflecting the fact that the highest rates of flux also had high R? values (Figure 2-4). For
this reason, we restrict discussion from here forward to the more conservative estimates. Tree
emissions were positive and significantly greater than zero in Jun (9.53+2.87), Jul (0.331£0.16), Aug
(0.1940.13) and Sep (0.19+0.13) (p<0.002), but not in May (0.09+0.10) (P=0.13; all units umol m stem h°

1). Soil fluxes were significantly different from zero (p<0.02) for all months.

Of the 46 stems with the highest CH, emissions (R*>0.80), 45 were paired with a soil that was a
net CH,4 sink. These data and those from a second North American temperate forest (Warner et al.
2017), two temperate upland forests in Asia (Wang et al. 2016), a boreal forest in Europe (Machacova et
al. 2016) and observations of super-ambient CH4 concentrations inside temperate forest tree stems
(Covey et al. 2012), collectively suggest that the size of the CH, sink ascribed to upland forests has been

overestimated.

This study and that of Warner et al. (2017) were similar in many respects. They were conducted
at roughly the same time (2014 growing season), using similar methods (static chambers, Los Gatos OA-
ICOS gas analyzer), similar sampling effort (16-17 trees measured 1-2 times per month), and on four of
the same tree species. Climate is similar between the sites because they are at the same elevation (near
sea level) and separated by 100 km, and both forests are on loamy soils classified as Typic Hapludults.
Average tree stem CH,4 emissions over the growing season in Warner et al. (2017) (0.40£0.18 umol CH,4
m2 h) were comparable to the present study when the Jun data are excluded (0.23+0.23 umol CHs m™
h1), suggesting that tree CH4 emissions may be similar when stratified by species, climate and soil

characteristics under most conditions. However, stem CH4 emissions in the present study rose an order
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of magnitude in the Jun sample (9.53+2.87 pmol m2h?), a “hot moment” event of uncertain duration
that was not observed by Warner et al. (2017). Because both studies sampled emissions over short time
periods (minutes) at long intervals (2-4 weeks), we cannot state whether the difference between studies
is real or a limitation of the sampling designs. Regardless, the transient increase in stem CH4 emissions
observed in the present study is an illustration of the potential for high temporal variation in this

process.

A small but growing collection of upland tree CH4 emission studies indicates substantial spatial
and temporal variability that must be resolved in order to account for tree emissions in upland forest
CH4 budgets. A three-month study of the conifer P. sylvestris reported median rates of stem CH,
emissions that were 1-2 orders of magnitude lower than those in the present study (0.01 to 0.001 umol
m=2h?), with lower rates in a dry plot under cloudy conditions than a wet plot under sunny conditions
(Machacova et al. 2016). At the high extreme is a P. davidiana forest where annual average rates ranged
5.3-6.4 umol m2h! (Wang et al. 2016), suggesting sustained rates comparable to the high Jun rate in the
present study. Average rates from the present study (1.59 + 0.88 umol m™ stem h'), a nearby temperate
forest (Warner et al. (2017); 0.40+0.18 umol CH, m? h!) and a high emitting site in a European
temperate forest (1.87+3.31 umol CHs m? h'* (Maier et al. 2017) fall between these extremes, but
toward the upper end of the range. An important step toward improved experimental designs and

scaling exercises is to understand the sources of this variability.

There were no statistical relationships between tree CH, emissions and stem diameter, soil
moisture, air temperature or soil temperature that could be used for scaling fluxes (P>0.05), consistent
with the results of Warner et al. (2017) in a similar forest. In contrast, stem emissions were positively
correlated to temperature in a P. davidiana forest (Wang et al. 2016), perhaps because relatively high
summer emissions and low winter emissions produced a wider range of rates. Previous studies reported

that much of the variation in stem CH,4 emissions is related to tree species (Covey et al. 2012, Wang et al.
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2016, Warner et al. 2017). In the present study there were no significant differences across all species
(P=0.07); however, for the species with the largest sample sizes -- F. grandifolia (n=28), L. styraciflua
(n=12) and L. tulipifera (n=12) -- there were significant differences (P=0.04), with F. grandifolia
supporting lower rates than the other species (Figure 2-7). Such differences may be linked to

characteristics such as stem morphology or disease resistance (Warner et al. 2017).

In the present study, there was variation across individuals and time that was not clearly related
to species. Of the 17 trees in the transect study, five individuals contributed 84% of the cumulative CH,4
emitted from all stems (May-Sep fluxes scaled to stem diameter). The five trees belonged to four species
-- F. grandifolia, L. tulipifera, Q. velutina and Q. michauxii -- each of which contributed 12-23% of the
total. Other than C. tomentosa of which there was just one stem, every species contributed >10% of
cumulative stem CH4 emissions. About half of the individuals (8 of 17) were consistent emitters with
measurable fluxes (i.e. P<0.05 and R*>0.80) during every sample event, while the remainder emitted CH,4
intermittently on three dates (2 individuals), two dates (3 individuals), or one date (2 individuals). Two
individuals never emitted significant amounts of CHa. A similar result was reported in a study of 10 F.
grandifolia stems across two Central European forests where nearly all stem CH; was emitted by a single
tree (Maier et al. 2017). It is clear that robust estimates of stem CH4 emissions at the stand scale will
require a combination of large sample sizes and high-frequency measurements, and improved

techniques such as eddy covariance flux capable of quantifying small fluxes over large areas.
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Figure 2-6: Data and curve fitting results from the 75 cm height chambers on the L. tulipifera (A) and the F. grandifola (B). (A)
Data and fitted curves from stem CO, and CH, fluxes. Vertical black lines mark the mean time of peak flux during the
measurement period with stem CH, fluxes leading stem CO; fluxes. Shaded areas are the 95% Cl for the mean time of peak
fluxes for CH4 (red) and CO; (blue). Note that the Y-axes differ in units. (B) Data and fitted curve from the CH, stem fluxes from
the F. grandifola. The stem CO; fluxes from F. grandifola at 75 cm did not show a discernible diurnal cycles and was not plotted.
The vertical black lines mark the mean time of peak flux during the measurement period and red shaded areas are the 95% Cl for
the mean time of peak fluxes. The 95% Cl is wider than the L. tulipifera at the same height but the mean peak times differ by
only eight minutes.

Despite empirical evidence of several potential CH, sources in living upland trees, there is no

evidence in this study or previous studies that can definitively assign the CH4 emitted from trees to an in
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situ source. Potential sources include microbial production inside the tree stem (Zeikus and Ward 1974,
Covey et al. 2012, Wang et al. 2016), on stem bark (Lenhart et al. 2015) and in subsurface soils
(Megonigal and Guenther 2008), and abiotic, UV-driven production by leaves and other tree surfaces
(Keppler et al. 2008). UV-driven CH4 production was not a source in the present study because emissions
were measured in opaque chambers. Fungi on tree stems are unlikely to be an important source
because reported rates are far less than those observed here (Lenhart et al. 2015). In the present study,
evidence against a soil CH4 source (thus consistent with a wood source) is the fact that stem emissions
were not statistically related to soil moisture, soil temperature or water table depth (P>0.05). Also, a rise
in the water table in late Aug (Figure 2-1) did not increase Aug emissions (Figure 2-5). The trees in this
study were not surveyed for rot or wet wood (e.g.Wang et al. (2016)), but surveys of Atlantic coast
temperate forest tree stems show that super-ambient internal CH4 concentrations are commonplace

and reflect an internal source (Covey et al. 2012).

Soils are a potential source of tree CH4 consistent with some observations in this study
(Megonigal and Guenther 2008). Methane transport via transpiration is consistent with declining CH,4
emissions with increasing height on the same tree (Figure 2-8). This pattern is expected for a soil CH,4
source (Terazawa et al. 2007, Gauci et al. 2010, Pangala et al. 2013, Pangala et al. 2015), while an
internal (wood) source is expected to peak at a height well above the base (Covey et al. 2012). We
observed the same pattern in stem CO; emissions (Figure 2-8) and found that CO, and CH, were
correlated (r=0.35, p<0.01); similar observations have been observed for stem CO, emissions and
interpreted as soil CO; entrained in the tree transpiration stream (Teskey et al. 2008). Second, a soil
source CHy is expected to respond to changes in soil water content. Although we did not detect a
statistical relationship between soil moisture content and stem CH4 emissions, there were two instances
when high emission rates followed a precipitation event. The first was the Jun sample in the transect

study when all 10 individuals emitted CH,4 at rates one order of magnitude higher than in other months.
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The Jun sample occurred during a period of high volumetric soil moisture content (>30%) and warm soil
temperatures compared to mid-May when water content was also high (Figure 2-5). The combination of
warm temperatures and high soil water content may have simultaneously increased CH4 production and
decreased methanotrophy due to O; limitation, as evidenced by the fact that soil CH, uptake rates were
also lowest in Jun (Figure 2-5). The second instance was in the three-day record of automated flux
measurements when rates in two individuals declined with time (Figure 2-9, Figure 2-6); this occurred
during a rain-free period following a damp period (2 mm rain over 5 days) and may reflect the influence

of declining soil water content.

We observed striking differences in diurnal patterns of stem CH, emissions for the two
individuals fitted with automated flux chambers (Figure 2-9). The relatively subtle diurnal variation in
the F. grandifolia tree compared to the L. tulipifera tree (Figure 2-6) may reflect different CH4 sources,
different axial and radial stem diffusion rates, or different sinks (e.g. CH4 oxidation), all of which
influence stem CO, emissions (Teskey et al. 2008). Sorz and Hietz (2006) found that O, diffusion rates
tend to increase in the order: conifers > ring-porous species > diffuse-porous species, but both L.

tulipifera and F. grandifolia are diffuse-porous. With just one stem of each species, the differences may
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simply reflect characteristics of these particular individuals. However, mean CH4 emissions were also

higher in L. tulipifera in the well replicated transect study (Figure 2-7).
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Figure 2-7: Upland tree CH, emissions from May-Oct 2014 as a function of species. Upper panel: Jun emissions plotted as
mean+95% Cl. Lower panel: Fluxes for other months (Jun excluded) plotted as box plots with box boundaries that represent 25,
50t (median) and 75t percentiles; whiskers are 90t and 10t percentiles; and points are outliers. Sample sizes for each species

from left (F. grandifolia) to right in the upper panel were n=2, 3, 2, 1, 1, 0, 1, in the lower panel samples sizes were n=26, 9, 10,

3,34 3.

High frequency flux measurements and time series analysis have the potential to be powerful
analytical tools to disentangle tree CH, sources and transport pathways. The L. tulipifera fit with an

automated chamber showed a diurnal cycle with peak emissions in late afternoon (CH4=1620 h,
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C0,=1813 h; Table 2-2). The timing of this CH,4 peak falls between peak sap flux density (1200 h) and
near the transpiration-driven minima in tree diameter (1630 h) measured one year later on the same L.
tulipifera tree (Herrmann et al. 2016). Long-term records of near-continuous CH, emissions combined

with knowledge of the kinetics of gas and heat transfer in trees will help to infer CH4 sources.
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Figure 2-8: Vertical profiles of CHsand CO, emissions from a L. tulipifera stem on day of the year 210 of 2014. Chambers were
mounted at heights of 75, 165 and 245 cm. Sample sizes were 32-33 observations per for each box plot except CH4 at 245 cm
where n=3. Fluxes are plotted as box plots with box boundaries that represent 25t, 50t (median) and 75t percentiles; whiskers

are 90 and 10t percentiles; and points are outliers.

The consequences of our observations for upland forest CH4 budgets are difficult to judge

because of the limited sample size of soils, trees, tree species and tree surface types (i.e. trunks only).
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Nonetheless, it is useful to estimate the balance of soil CHs consumption and tree CH; emissions

because in situ tree and soil CH4 fluxes have been measured simultaneously in only three other upland

Chamber Height Peak Flux Adjusted
Tree Species Gas r’ RMSE
(cm) (hours)t r
L. tulipifera CHa 75 | 16:20 (15:59, 16:42) 0.98 0.98 | 0.598
L. tulipifera CHa 165 | 16:08 (15:43, 16:31) 0.98 0.98 | 0.450
F. grandifola CHa 75 | 16:12 (15:11, 17:14) 0.87 0.86 | 0.203
L. tulipifera CO, 75 | 18:13 (17:53, 18:33) 0.95 0.95 | 0.526
L. tulipifera CO; 165 | 17:11 (16:34, 17:47) 0.82 0.81 | 1.200
L. tulipifera CO; 245 | 17:41 (17:07, 18:14) 0.89 0.88 | 0.890

tMean with 95% confidence intervals in parentheses. Diurnal cycles were fit to the equation:y=a - e’
M+ b - cos(2m:(t-6)) + ¢, where a is the exponential coefficient, A is the exponential decay constant, t is
the time in decimal days, cis the exponential asymptote, b is the harmonic coefficient, and d is the
phase shift in decimal days from zero (midnight). The exponential term (y = a - e + c) detrended the
data. The harmonic function [cos(2m:(t-8)] returned the phase shift, which is the average time of day
during which peak flux rates occur. The equation was fit using nonlinear least squares within the
Curve Fitting package from MATLAB R2106b (The MathWorks, Inc., Natick, MA, USA).

Table 2-2: Statistical analysis of diurnal CH4 and CO; fluxes for two trees. Data from chambers at two heights on a L. tulipifera
and one height on a F. grandifola. Heights and gases that did not show statistically significant diurnal patterns are not included
(i.e. CH4 from L. tulipifera at 245 cm; CO, from F. grandifolia at 75 cm).

forests (Machacova et al. 2016, Wang et al. 2016, Warner et al. 2017). A simple scaling exercise
suggests that upland tree emissions offset 6% of the soil sink over the May-Sep growing season, much of
which occurred in a single Jun event of uncertain duration when this forest may have become a
transient net source of CHy at a rate of 2.14 umol m?soil h't. A more conservative approach is to
eliminate the Jun sample from the calculation, in which case tree emissions offset 1% of the soil sink.
The range of estimates from our study (1-6%) brackets the only other estimate (3.5%) for a North
American temperate forest (Warner et al. 2017). Both estimates are far lower than an estimate from a
temperate deciduous forest in China where tree emissions offset 63% of soil CH4 sink (Wang et al. 2016),

but higher than a dry P. sylvestris site where the offset was 0.8% (Machacova et al. 2016). This wide
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range of estimates suggests that upland tree CH4 emissions are highly variable and illustrates the need
for new sampling and scaling strategies for quantifying local, regional and global upland forest CH,
dynamics. The sampling challenge may be greater depending on whether small stems and leaves emit
significant amounts of CH4 (Machacova et al. 2016), consume CH4 (Sundgvist et al. 2012), or have
neither effect (Wang et al. 2016), all of which have been observed. It should be noted that while the
degree to which stem emissions offset the soil sink is highly uncertain, in all cases upland soils remained

net sinks for atmospheric CHa.
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Figure 2-9: CH, and CO; emissions from a L. tulipifera (filled circles) and a F. grandifolia (open circles) at 75 cm above the soil
surface. Note that the Y axes for the two gases are scaled differently.
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2.4. Conclusions

We propose that upland forests are smaller CH, sinks than previously estimated due to stem
emissions. A simple and conservative scaling exercise suggests that tree stem CH4 emissions offset 1-6%
of annual CH, consumption by soils, and that under some conditions may be large enough to briefly
change an upland temperate forest from a net sink to a source. These data support a small but growing
body of evidence that suggest that upland forests are not uniform consumers of CH4 and that the role of
stem emissions in the CH, budget of upland forests is highly variable in space and time. Our data
demonstrate that stem emissions may have a diurnal component, which points to soils as a source of
CH4 and transpiration as a possible driver of CH4 fluxes in some temperate forest species. On the
contrary, the absence of correlations with soil water content or water table depth are consistent with a
microbial source inside these trees. Distinguishing between these potential sources is a challenge and an

important step towards scaling upland tree CH, fluxes.
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3. Methane fluxes from tree stems and soils along a habitat gradient

Abstract
Forests are major sources of terrestrial CH4 and CO; fluxes but not all surfaces within forests

have been measured and accounted for. Stem respiration is a well-known source of CO,, but more
recently tree stems have been shown to be sources of CH4 in wetlands and upland habitats. A study
transect was established along a natural moisture gradient, with one end anchored in a forested
wetland, the other in an upland forest and a transitional zone at the midpoint. Stem and soil fluxes of
CH4 and CO; were measured using static chambers during the 2013 and 2014 growing seasons, from
May to October. Mean stem CH; emissions were 68.8 + 13.0 ug m2 h (mean + standard error), 180.7 +
55.2 ug m? h*and 567.9 + 174.5 ug m h* for the upland, transitional and wetland habitats,
respectively. Mean soil methane fluxes in the upland, transitional and wetland were -64.8 + 6.2 pygm?2h
1 7.4+25.0pugm?htand 190.0 + 123.0 ug m? h?, respectively. Measurable CH, fluxes from tree stems
were not always observed, but every individual tree in our experiment released measurable CH, flux at
some point during the study period. These results indicate that tree stems represent overlooked sources

of CH,4 in forested habitats and warrant investigation to further refine CH4 budgets and inventories.

3.1. Introduction
Atmospheric methane (CH4) concentrations have increased from 700 ppb to over 1800 ppb since
the beginning of the industrial revolution and presently contribute 0.7 W m™ or 25% of radiative forcing
(IPCC 2013). Although the net balance of CH,4 sources and sinks is well constrained compared to trace
gases other than CO,, the relative contributions of individual sources and sinks are less certain (Kirschke
et al. 2013, Saunois et al. 2016a). Such uncertainty has made it difficult to explain phenomena such as
changes in the globally averaged atmospheric growth rate and isotopic concentration of CH4 (Aydin et al.

2011, Nisbet et al. 2016) and exposed the limits of our current mechanistic understanding of CH,4 cycling.
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In response, the past decade has been a period of prospecting for novel CH,4 sinks and sources that

might better describe CH4 cycle dynamics.

Wetlands have always been considered a source of CHs, which is emitted across both the soil-
atmosphere interface and plant surfaces (Dacey and Klug 1979). Emission from herbaceous wetland
plants is facilitated by aerenchyma tissue which allows rapid rates of gas exchange between soils and
the atmosphere, supporting aerobic respiration but also diffusion and mass flow of CH, past oxic zones

at the soil surface.

While whole-ecosystem (plant and soil) CH4 emissions have been measured extensively in
wetlands dominated by herbaceous plants (Dacey and Klug 1979, Conrad 2007), such data are generally
lacking from woody plants such as trees because their large stature makes plant flux measurements
difficult. Early studies demonstrated CH4 emissions from woody wetland tree roots (Pulliam 1992, Rusch
and Rennenberg 1998), and seedlings (Vann and Megonigal 2003, Garnet et al. 2005), but field
measurements to quantify tree CH, emissions were conducted only in the last decade (Terazawa et al.
2007, Gauci et al. 2010, Pangala et al. 2015). The results indicate that tree-mediated CH4 emissions have
been overlooked and may account for 60-87% of total CH, efflux in tropical wetlands (Pangala et al.
2013) and 20% in temperate wetlands (Gauci et al. 2010). Given that forested wetlands represent 53%
of total wetlands (Fung et al. 1987), these numbers are significant, yet have not been included global

earth systems models and budgets (Saunois et al. 2016a).

Upland forests have been generally considered net sinks of CH4 based upon the assumption that
the only surface in a forest that interacts with CH, is the soil. Studies have shown that CH4 can be
produced inside upland trees (Bushong 1907, Zeikus and Ward 1974, Covey et al. 2012), however, few in
situ direct measurements have attempted to quantify net fluxes from trees (Machacova et al. 2016,

Wang et al. 2016, Maier et al. 2017, Pitz and Megonigal 2017, Warner et al. 2017) . Wang et al. (2016)
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estimated that tree CH4 flux was sufficient to offset the soil sink by 5-10% on an annual basis.
Machacova et al. (2016) suggested that depending on soil moisture, Scots pine CHs emission account up
to 35% of soil uptake. Clearly, tree-atmosphere trace gas interactions cannot be ignored and have to be

included in calculating CH4 budgets in forested ecosystems.

The processes by which CH, is produced and emitted to the atmosphere through trees are
poorly understood. Data are insufficient for developing a generalized conceptual model of tree CH,4
emissions that captures the wide range of species, ecosystems, and conditions. Studies in wetland
forests generally show a positive relationship between tree emission rates and water table depth
(Terazawa et al. 2007, Gauci et al. 2010, Pangala et al. 2015), suggesting that CH4 produced under
saturated, anaerobic conditions in groundwater becomes entrained in the transpiration stream or
diffuses into plant tissue, where it is transported and eventually emitted to the atmosphere. In contrast,
a more diverse set of mechanisms have been proposed in upland forests, including non-soil CH, sources
such as UV-driven aerobic production (Keppler et al. 2008, Vigano et al. 2008) and anaerobic biological
production in trunks associated with heart rot (Covey et al. 2012) or non-structural carbohydrates
(Covey et al. 2016). Megonigal and Guenther (2008) hypothesized that groundwater is also a source of
CH,4 emitted by upland forest tree species. In this case, deep roots growing in CHs-rich groundwater or
anoxic soil microsites could entrain CH, and transport it to the atmosphere, bypassing the oxic soil
horizons where it would otherwise be consumed by methanotrophs. A growing list of studies indicates
that a variety of plant-mediated CH, sources exist and that all ecosystems contain some surfaces that

have the potential to emit CHa.

Gradient studies can reveal insights into some of these processes as they vary across wetland
and upland forests, but studies reported thus far have focused on only one habitat. In this study, we

conducted the first CH4 flux measurement along a soil moisture gradient from wetland to upland at the
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same location. The close proximity of upland and wetland allows potentially confounding variables such
as climate, past land use, and, to some extent, plant community composition to be kept constant. We
directly measured CH4 fluxes from soils and stems from a variety of tree species that are common in

mid-Atlantic deciduous forests.

The goals of this study were to: (1) quantify CH4 emissions from trees growing across a soil
moisture gradient in a temperate forest ecosystem, (2) compare the relative contribution of soils and
trees in upland and wetland forests, and (3) relate these fluxes to environmental factors. We also report
stem and soil CO; fluxes because CO, emissions from stem respiration are relatively well understood and

thus help to interpret the pattern of CH, fluxes.

3.2. Methods

Study site

The study was conducted at the Smithsonian Environmental Research Center (SERC), a property
of 1072 hectares (2,650 acres) on the western shore of Chesapeake Bay in Maryland. Much of the site is
forested with smaller areas of brackish tidal wetlands and farmland. Forests have been recovering for
70-150 years from different land use and disturbance histories such as logging, wind damage, and
agricultural abandonment (Higman 1968, Yesilonis et al. 2016), with small patches that have no known
history of land use. Our main study plot was in an upland forest that was most likely grazed before the
Civil War and then abandoned (Higman 1968). Today the forest is dominated by Tulip poplar
(Liriodendron tulipifera), American beech (Fagus grandfolia), and several species of oaks (Quercus spp.),
and hickories Carya spp. The species composition is typical of the mature stage of a Tulip poplar

association (Brush et al. 1980, Brown and Parker 1994) with a closed canopy and very little understory.
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Mean rainfall is 1146 mm and mean annual temperature is 13.0°C (D. Correll, T. Jordan, and J. Duls,
unpublished data). The mean annual maximum temperature is 19.0°C and the mean minimum

temperature is 8.0°C (NCDC database, Annapolis Police Bar Station).

Soils at SERC are predominately fine sandy loams or sandy loams. Physical and chemical
characteristics of surface soils reflect past land use history, forest age and non-native earthworm activity
(Yesilonis et al. 2016). Our transect crossed three soil associations, with the upland and transitional
sections in the Collington-Annapolis series and the Collington-Wist-Westphalia series, respectively. Soils
in the wetland section transect were in the Widewater-Issue series (Natural-Resources-Conservation-

Service 2016)

We established an approximately 150 m long transect along a soil moisture gradient (location:
38.8878, -76.5624). The elevation difference between the two end points of the transect was
approximately 6 m. Based upon soil characteristics, elevation, and water table depth we divided the
transect into three habitat types: upland (100 m), transitional (25 m) and wetland (25 m). Thirty-two
trees selected for the study belonged to nine species (Table 3-1). Based upon stem counts, these nine
species make up 80% of the mature stand adjacent to the transect (Parker and Tibbs 2004). Liquidambar
styraciflua (sweetgum) occurred in all three habitat types, with the remaining species present in one or

two habitats.

Stem and Soil Chambers, and Flux Measurements

Tree and soil measurements were made between May and November in 2013 and between May
and September in 2014 using the closed chamber technique. A total of 32 trees were fitted with opaque

rectangular chambers modified from Ryan (1990), originally designed to measure stem respiration. In
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Table 3-1: Tree species used in the stem flux measurements at the Smithsonian Environmental Research Center

a
Latin name Common name Number DBH? (cm) Range of DBH Habitats found® WeFIand. od
Mean + SD (cm) designation®
Fraxinus pennsylvanica Green ash 4 24.7+4.7 17.8-28.5 w FACW
Liquidambar styraciflua Sweetgum 8 39.6+14.3 21.9-62.5 uT W FAC
Carya tomentosa Mockernut hickory 1 22.8 -- U NI
Fagus grandifolia American beech 8 45.1+14.4 16.1-56.2 u,w FACU
Liriodendron tulipifera Tulip poplar 4 60.7 £ 26.7 31.8-92.6 urT FACU
Quercus velutina Eastern black oak 1 65.8 - u NI
Quercus michauxii Swamp chestnut oak 3 60.4+18.4 39.9-75.5 urT FACW
Carpinus caroliniana American hornbeam, 1 12.5 -- W FAC
Ironwood
Acer rubrum Red maple 2 31.1+14.6 17.0-46.2 u,w FAC

2DBH: Diameter at breast height

®U: upland; T: transitional; W: wetland
¢ Indicator status: FACW: facultative wetland; FAC: facultative; FACU: facultative upland; NI: no indicator assigned.
4Source: Tiner and Burke (1995)
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2013, 21 chambers were installed across the transect. In 2014, 10 additional trees were fitted with
chambers in order to expand the upland section of the transect. Each tree was paired with a soil gas flux
chamber placed within 1 m of the base. Sampling rounds differed among habitats with the upland
habitat sampled more frequently in 2014 than the other two habitats, because our main interest was to
quantify upland CH,4 stem fluxes. Rectangular stem chambers were constructed of acrylic, permanently
fixed to stems 30-60 cm above the soil, and were secured to the stem using elastic shock cord. Each
chamber was 28 cm in height with varying depths and widths depending on the tree size. To create an
airtight seal, closed-cell neoprene foam was placed between the chamber edge and the stem, and
sealed with dental mold to create a non-VOC seal (Examix™, GC America, Alsip, IL, USA). Soil flux
chambers were constructed out of 30.5 cm-diameter (12”) schedule 80 PVC pipe, machined into a 10-cm
high ring and placed 5 cm into the soil surface. All chambers were in place for a minimum of one week
before taking flux measurements, and once mounted they remained in place for the duration of the

study.

In the two years of study we used two different instruments to analyze the gas samples from the
headspace of the flux chambers. Gas samples from the headspace of the flux chambers were analyzed
by gas chromatography (GC) in 2013 and by a more accurate and precise portable Off-Axis Integrated
Cavity Output Spectroscope (OA-ICOS) (Ultra-Portable Greenhouse Gas Analyzer, Los Gatos Research,
Mountain View, CA, USA) in 2014. The two instruments provided different amounts of data for each flux

which required a different approach, described below, for the statistical analysis.

In 2013, gas concentrations in air samples were determined using a gas chromatograph. After
closing the chamber lid, 12 mL samples were withdrawn by syringe at 0, 15, 30, 45, and 60 minutes. The
air samples were immediately transferred from the syringe to a 12 mL, nitrogen-flushed Exetainers

(Labco, UK). The gas samples were analyzed for CH4 and CO; on a Varian GC-450, equipped with a flame
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ionization detector (FID) and a thermal conductivity detector (TCD). The FID had a precision of 0.120

ppm for CH4 and the TCD had a precision 5 ppm for CO..

In 2014, gas concentrations were measured using a portable OA-ICOS. The instrument is capable
of measuring CH; within a range of 0.01-100 ppm with a precision of 0.002 ppm at 0.5 Hertz. The OA-
ICOS can also measure CO; in a range of 200-20000 ppm with a precision of 0.3 ppm. The OA-ICOS was
used as a closed system: headspace gas was drawn from the chamber, measured non-destructively for
CH4 and CO; concentration, and returned to the flux chamber as described in Baird et al. (2010).
Changes in CHs and CO; concentration were measured over periods of approximately 5-30 minutes,

during which the system generated 2150 observations.

In 2013, five concentration data points were collected for each flux measurement. We
occasionally dropped a concentration data point for two reasons; soil CH4 ebullition or poor quality data
from the GC. If a data point was dropped due to poor quality data from the GC, both CH, and CO, data
had to support that conclusion. The slope of gas concentration change over time was determined by
linear regression (SAS® procedure Proc Reg). In every case, the slope was based on 24 observations. For
a slope to be determined as a quality data point, the R? had to be greater than 0.90. If the R? of a slope

was less than 0.90, then the slope and flux was considered to be zero.

In 2014, the OA-ICOS provided concentration data at a rate of 0.5 Hertz which required us to use
a slightly different treatment of the data. When calculating the slope of gas concentration change over
time, we ignored the first 20% of the observations, as those may produce false readings associated with
closing the lid. The slope of gas concentration change was determined as described above (SAS®

procedure Proc Reg). In every case, the slope was based on 2120 observations.

Gas flux was calculated using the following equation:
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d[CH,] PV

X
dt ART

where Fis the flux in pg m2hr?, P is atmospheric pressure, T is temperature, R is the universal
gas constant, A is the collar surface area and V is the volume of the air enclosed by the chamber. Air
temperature was measured by the OA-ICOS unit on gas circulating between the unit and the chamber.
Atmospheric pressure was based on a nearby weather station (<1 km). Flux units are reported in ug m
h™ or mg m? h™ to allow for direct comparison with stem flux data published by others.

Environmental Data

Soil moisture was measured using a FieldScout TDR (Spectrum Technologies Inc., Aurora, lllinois,
USA). Soil temperature was measured with a digital thermometer at 10 cm. Weather data was

collected on site from the SERC weather station (Campbell Scientific, Utah, USA).
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Figure 3-1: Daily mean air temperature (A), daily precipitation (B) and groundwater elevation (C) at the SERC study site during
2013 and 2014. A continuous groundwater elevation data logger was placed in a well (Well 2) within the transitional habitat;
groundwater elevation in the three other wells located within the study site were recorded manually (see Methods). The water
table elevation data logger was removed for three months in the winter of 2014.

43



Water table depth or groundwater elevation along the transect was monitored using several
monitoring wells. Four 5.08 cm diameter wells were installed (three in 2013, and one was added in
2014). One was installed in the wetland, one in the transitional zone, and two in the upland. The fourth
well was added to the upland in 2014 when new trees were added to the transect. Wells were
constructed of 5.08 cm PVC and screened with 152 cm sections of PVC with 0.25 mm slot size. Number
#1 sand was used as a screen pack. Water table depth was recorded manually during each sampling
event using a water level meter (Model 102 Water Level Meter, Solinist, Georgetown, Ontario, Canada).
Well #2 in the transitional was monitored during the growing seasons in 2013 and 2014 (Figure 3-1C)

using a groundwater elevation logger (Aqua Troll 200, In-Situ Inc., Fort Collins, Colorado, USA).

Statistical analysis

All statistical analyses on flux data were conducted using R v3.1.2 (R Core Team 2014), except
gas fluxes that were calculated using SAS. Methane flux rates were Box-Cox transformed after
increasing all values until the minimum value in the data set was 10 ug m h* to avoid negative values
after log transformation. Means and standard errors presented in the text, figures, and tables were
calculated using non-transformed data. P-values below 0.05 were considered significant; those between
0.05 and 0.1 were considered marginally significant. In this paper we report data on CH, and CO; fluxes
from three habitat types (upland, transitional, and wetland) in 2013 and 2014. Upland stem and soil CH,4
flux data from 2014 were reported in Pitz and Megonigal (2017) but were combined in the present study

for statistical analysis.

The mean CH4 and CO; fluxes were calculated for each tree and the respective soil chambers
and analyzed for the effects of habitats using analysis of variance (ANOVA) followed by the Tukey’s HSD

test for multiple comparisons. Mixed effect models were conducted using the Ime4 package to evaluate
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the correlations between environmental factors and stem CH, flux, soil CHs4 flux, stem CO; flux, and soil
CO; flux. Sampling round and tree identity were treated as random effects. Fixed effects included were
habitat for all analyses, tree species and diameter at breast height (DBH) for stem fluxes, DTW, soil
moisture and soil temperature for CH, fluxes, and soil moisture and soil temperature for CO, fluxes.
These factors were evaluated in the models following the above order. Likelihood ratio tests were used
to access significant differences between nested models, and were followed by the Tukey’s HSD test for

multiple comparisons using the multcomp package (Hothorn et al. 2008).

3.3. Results
Upland \ Transitional Wetland Upland \ Transitional Wetland
%A) % 00l B) A ;
1000 % ‘F % ¢ %
- ' <= 400 :
E 00 { % + Stem = Aﬁ’ﬁ+ 4’ A " # # Stem
£ 4 b £ 2008 T Ay o *
o A -
2 olaoroad o offf % A 0 o £, o, ® ®
2 1500 } 1 1 — 8 |
= £ 4
i 1000 \ i 1000 ad A
5 sail | 9 a o ! Soil
O 500 RN L SN WA Ao b
o o, o? ® a5 o it P ¢ o s ¢
04, &r0 A\ © © oA Am 0 o 7 o ¢ o o & o T b
150 200 250 300 150 200 250 300 150 200 250 300 150 200 250 300 150 200 250 300 150 200 250 300
Julian Day Julian Day

Figure 3-2: Temporal changes of stem and soil CH, (A) and CO; (B) fluxes in the three habitat types. Data for 2013-2014 are
combined. 2013 fluxes are represented by circles and 2014 fluxes are represented by triangles. Error bars are standard error.
Note the different scales.

A total of 470 flux measurements were made during the study, 235 measurements of tree stems
and 235 of soils. Every tree stem emitted measurable CH, at least once during the two seasons of
monitoring. Net CH,4 production was detected in all but two stem CH; measurements. Stem CH, fluxes
ranged from -8.1 to 1900 ug m?2 ht in the upland habitat, -16.4 to 2146.2 pg m?2 hl in the transitional
habitat and -157.1 to 3757.6 ug m2 h' in the wetland habitat of the transect (Figure 3-2A). Soil was
generally a CHy sink in the upland where 97% of the measurements showed net consumption, and a
source in the wetland where 80 % of the measurements showed net production. The transitional
segment of the transect fell in between, with 74% of the measurements demonstrating net

consumption (Figures 2A). Soil CH, fluxes ranged from -309.3 to 68.1 ug m= h in the upland habitat, -
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167.4 to 651.4 ug m? h'l in the transitional habitat and -33.3 t0 4726.9 ug m?2 hl in the wetland habitat
of the transect. (Figure 3-2A, Figure 3-5B). Neither stem nor soil CH,4 fluxes exhibited a seasonal trend;
rather high fluxes compared to average values were few and episodic (Figure 3-2A). Stem and soil CO,
fluxes were consistently positive and three orders of magnitude higher than CH, fluxes (Figure 3-2B).
Both stem and soil CO; fluxes showed a seasonal trend with high values in the growing season and

gradually declining values in the fall (Figure 3-2B).

Combining all stem CH, measurements by habitat yielded mean (+SE) rates of 68.8 + 13.0 ug m™
h (upland), 180.7 + 55.2 ug m2 h'! (transitional) and 567.9 + 174.5 ug m2 h* (wetland). Stem CH, fluxes
were significantly different in the three habitat types (F;, 20 = 5.80, P = 0.0076), and were higher in
wetlands than in uplands (P = 0.006, Tukey’s HSD test) (Figure 3-3A). Mean soil CH,4 fluxes were -64.8
6.2 ug m?2h (upland), 7.4 + 25.0 uyg m2 h%, (transitional) and 190.0 + 123.0 ug m? h* (wetland). ANOVA
showed significant differences in soil CH, flux among the three habitats types (F, 29 = 20.08, P < 0.001),
and significantly higher fluxes in wetland and transitional (P < 0.001 and P = 0.012, respectively) than in

upland (Figure 3-3A).

Stem CO; fluxes were only marginally affected by habitat types (F2, 20 = 2.88, P = 0.073). Contrary
to CHg, stem and soil CO; fluxes showed opposite trends across habitats. Soil CO; fluxes were
significantly affected by habitat (F2, 29 = 4.90, P = 0.015), and were higher in upland than in wetland and
transitional habitats (P = 0.011) (Figure 3-3B). The significant effect of habitat was further supported by

the mixed effect models (Table 3-2).
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Figure 3-3: Mean (+ SE) stem and soil flux for CH, (A) and CO; (B) in the three habitat types at the SERC study site. Means with
different letters are significantly different (Tukey’s HSD, p<0.05). Tests for stem and soil were run separately, and differences are
indicated by upper and low case letters, respectively. Note the different units for CH, and CO; flux.
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Figure 3-4: Species and habitat effects on stem methane fluxes. A: Four species in one habitat (upland); B: One species
(Liquidambar styraciflua, sweetgum) in three habitats. The species codes are LT (Liriodendron tulipifera, tulip poplar), FG (Fagus
grandifolia, beech), LS (Liquidambar styraciflua, sweetgum), and Qsp (Quercus sp., oak). Weighted mean (+ SE) flux is shown
(see Methods). Number of trees is shown on top of each column
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Table 3-2: Results of mixed effect models testing the effects of habitat, tree species, diameter at breast height (DBH), depth to water table (DTW), soil moisture, and soil
temperature on methane and CO; fluxes. Both significant (P < 0.05) and marginally significant (0.05 < P < 0.1) effects were kept in the models; {,, significant negative effects; -
variables not analyzed; ns, non-significant variables excluded from the model.

Habitat Tree species DBH DTW Soil moisture Soil temperature
X P X P X P X P X P X P
Stem CH4 19.81 <0.001 10.02 0.075 4.18 0.041 14.21 6]’;0'0 ns ns 4.03 0.045
Soil CHa 22.31 <0.001 - - - - 49.51 61’;0'0 ns ns 7.91 0.005
Stem CO; 13.33 0.001 ns ns 7.17 0.007 - - 107.72 <0.001 67.67 <0.001
Soil CO, 4.68 0.096 - - - - - - 76.30 <0.001 56.32 <0.001

The range of stem CH, fluxes varied greatly by tree species. We detected the highest emissions from green ash and sweetgum, and the
lowest from oak and ironwood (Carpinus caroliniana). Tree species identity was significant even after taking into account the confounding effect
of habitat (Table 3-2), and comparing stem fluxes only in the upland habitat. On the other hand, habitat effects are clearly shown for stem CH,4

fluxes for sweetgum, the only tree species found in all three habitat types (Figure 3-4B).

Although there was a positive correlation between soil moisture and CH, flux in the upland soil (Figure 3-5B), soil moisture in general
was not a significant variable in the mixed effects model (Table 3-2). Soil moisture co-varies with habitat and DTW, and was added to the model

as the last of these three variables.
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Figure 3-5: Soil moisture versus fluxes. Correlation between methane flux and soil moisture in the three habitats at SERC. Data
for 2013-2014 are combined. Left panels: stem fluxes; right panels: soil fluxes. Note the different scales on the y axes.

3.4. Discussion
The present study is the first that simultaneously explores stem and soil trace gas fluxes along a
soil moisture gradient (wetland, transitional and upland habitats) in close proximity to one-another.
Habitat type is clearly the main driver of both CO, and CH, fluxes, but appears to more strongly affect
the latter. To tease out the subset of abiotic and biotic factors that locally determines trace gas fluxes

remains challenging.
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We found large differences in the amount of CH4 emitted from individual trees and from
different species. Our data support other studies that report species differences in wetland (Pangala et
al. 2015) and upland forests (Wang et al. 2016, Pitz and Megonigal 2017). Aspects of wood anatomy and
tree physiology such as wood vessel structure, wood specific density, lenticel density, transpiration rates
and sap flow rates may contribute to species level differences. While it has been shown that wood
specific density and lenticel density affect stem CH, fluxes in wetland trees (Pangala et al. 2013, Pangala
et al. 2014), itis unclear how these other factors contribute to interspecific CH,4 flux differences in
upland trees. Among the four tree species we examined in the upland ecosystem, Quercus spp. have
ring-porous vessel structure while the other three species are diffuse-porous. We did not detect any
patterns that distinguish these morphological types. Future studies should incorporate these potential

drivers into the experimental design.

The mixed effect model found stem CH4 emissions to be positively related to DBH. This contrasts
with Pangala et al. (2013) and Pangala et al. (2015) who found small diameter wetland trees emitted
more CH, per unit area of stem than larger trees. There was little overlap between the DBH range of
those studies (7.5-19.8 cm) and ours (16.1-92.6 cm). The mean stem diameter across all habitats in our
study was 42.3 cm (Table 1), with only four trees out of 31 having DBH < 20 cm. Differences in root
morphology and biomass between small and large trees may explain the contrasting results. Older and
bigger trees have larger and deeper root systems and more likely have deep roots that tap into
anaerobic soils or groundwater, both being potential sources of CH4. Other potential CH, sources such as
heart-rot and non- structural carbohydrates would result in a positive relationship between tree
diameter and fluxes (Covey et al. 2012, Covey et al. 2016). Regardless of the mechanism, the data
highlight the importance of tree size especially when scaling up plot-level studies to ecosystem-level
estimates (Pangala et al. 2015, Covey et al. 2016). Future studies should address multiple tree size
classes on a given species within one study site.
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In the temperate region, stem CHs flux from trees has been shown to be related to temperature-
dependent CH,4 production processes. In wetland forests, Pangala et al. (2015) reported a correlation
between stem CH4 emission and temperature, water-table depth, and CH4 concentration in pore water.
They concluded that CH,4 flux was driven by CH4 production in water-logged wetland soil. By sampling a
nearby spring, Wang et al. (2016) concluded that groundwater was not a source of CH4 in an upland
forest; rather, they attributed stem CH, flux to in-situ CH, production in the heartwood. The trees in the
present study were arranged along an upland-to-wetland gradient of groundwater depth. Our results
showed a strong negative correlation between stem CH, flux and the depth to groundwater, and is
consistent with a belowground CH,4 source hypothesis previously proposed for wetland trees (Pangala et
al. 2015). We measured high stem CH, fluxes in the wetland habitat where soil CH4 production is
consistently high and lower but still positive stem CH, fluxes from upland trees even when adjacent soils
are net CH4 consumers. The observation that co-located upland soils act as CH, sinks while trees act as
sources suggests that trees may provide a flux pathway through the woody tissue that bypasses the

methanotrophs in the oxic soil layers (Megonigal and Guenther 2008).

Methane transport in plants can be via diffusion or transpiration (Megonigal and Guenther
2008, Pangala et al. 2014). The latter process has a strong diurnal pattern, suggesting that transpiration-
driven CH4 fluxes should exhibit a diel cycle. Pangala et al. (2014) reported only a weak positive
relationship between emissions and transpiration, and Terazawa et al. (2015) did not observe diurnal
patterns. Both studies concluded that diffusion is the major driver of stem CH4 emissions. In an upland
forest stand near our transect, Pitz and Megonigal (2017) demonstrated a strong diurnal pattern in stem
CH, flux for American beech and tulip poplar, with a two-fold diurnal difference for the latter. This
indicates that transpiration may play a significant role in stem emissions. Clearly, high frequency
measurements for longer periods are necessary to reveal the relative importance of transpiration and
diffusion in different habitats.

51



Soil moisture is considered a major driver of belowground biogeochemical processes, and is thus
often reported as an abiotic variable. Usually soil moisture measurements reflect only the surface
conditions. In a wetland, such data reflects conditions throughout the soil profile, but in the upland,
surface conditions do not represent the steeper, more variable, vertical soil moisture gradient. Soil
moisture was not a significant variable in our model of stem CH, fluxes (Table 3-2), which is consistent

with root uptake from groundwater and transpiration as a mechanism for gas transport.

Soil CO; efflux decreased from upland to wetland, while stem respiration showed the opposite
pattern (Figure 3-3). Biological and physical processes may simultaneously explain this result. Lower soil
CO; emissions in the wetland coincided with near-continuous flooding, which can be explained by
several mechanisms. Flooding can decrease CO, respiration of stems by suppressing overall tree growth,
and from roots by lowering both growth and root:shoot ratio (Megonigal et al. 1997). Similarly, flooding
decreases microbial respiration both by suppressing overall microbial respiration and by lowering the
CO,:CHg4 ratio (Megonigal et al. 2004, Yu et al. 2008). Because stem CO, emissions were similar in the
wetland and transitional zones, the most likely biological explanation for lower soil CO; emissions in the
wetland is a decrease in microbial respiration as opposed to lower plant respiration. A purely physical
explanation is that high soil moisture in the transitional and wetland habitats reduced gas diffusion rates
through soil pore spaces (Davidson et al. 1998, Suseela et al. 2012, Moyano et al. 2013) favoring
diffusion through woody tissues. These explanations are not mutually exclusive and may both have a

role in explaining the cross-habitat patterns of soil and stem CO, emissions.

Tree CH4 emission rates have now been measured in a variety of forest ecosystems (Table 3-3).
Although the number of studies are few, it is noteworthy that during the growing season, the highest
mean emissions from upland (190 pg m2 hr! (Covey et al. 2012) and wetland stems (567.9 pg m2 hrtin

the present study) are within the same order of magnitude. The observation that upland trees have the
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Table 3-3: Tree stem CH, flux comparisons from field experiments

CHg flux range

Climatic . . CHg flux (mean = SD
Reference . Ecosystem Tree species Chamber Method (chamber height) 4 ( 2 )

region 2 -1 Hgm*h

pgm=<h
. Fraxinus mandshurica L 164-212™ (15 cm) 176
Terazawa et al. 2007 Temperate Floodplain var. japonica partial circumference 76-118™ (70 cm) 97
Gauci et al. 2010 Temperate Wetland Alnus glutinosa full circumference 3.22-126.5(30cm) 56.7 +52.7
Covey et al. 2012 Temperate Upland Various modeled from internal concentration 4.24 - 181.3(NA) 190 + 34
Pangala et al. 2013 Tropical Wetland Various full circumference 0.00-219(35cm) 103 + 66
Alnus glutinosa . 161-182™ (35 cm) 172+8
.201
Pangala et al. 2015 Temperate Wetland Betula pubescens full circumference 177-217™ (35 cm) 196 + 15
Terazawa et al. 2015 Temperate Floodplain Frax:_nus mandshur/ca partial circumference 59-1514 (15 cm) 337 +£419
var. japonica
L. . 85.3 (upper plot)
Wang et al. 2016 Temperate Upland Populus davidiana full circumference 0-200 (30 cm) 103.1 (lower plot)
Machacova et al. 2016 Boreal Upland Pinus sylvestris L. full circumference NA (20 cm) 0.005med
Warner et al. 2017 Temperate Upland Various partial circumference 56b (130 cm) 6.3+12
. . . 0-200
+

Maier et al. 2017 Temperate Upland Fagus sylvatica full circumference (40, 120, 200 cm) 30+53
Present study Temperate Upland Various partial circumference -8.1-1900 (45 cm) 68.8 £53.6

Temperate Transitional Various partial circumference -4.0 - 2150 (45 cm) 180.7 £ 135.2

Temperate Wetland Various partial circumference 8.6 —3760 (45 cm) 567.9 +523.5

SD: standard Deviation (SD) not always available

m: mean of measurements, not an individual measurement

med: median
NA: not available
b: maximum value
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potential to emit CH,4 at rates comparable to wetland trees suggests the need for detailed mechanistic

studies of CH4 sources and sinks across all forest ecosystems.

Soil trace gas fluxes generally show high spatiotemporal variability and are often cited as
examples for biogeochemical hotspots and hot moments (McClain et al. 2003, Hagedorn and Bellamy
2011, Ullah and Moore 2011). In such situations a single measurement can be several orders of
magnitude higher than the mean (Kuzyakov and Blagodatskaya 2015). Our data also show high
variability, especially in the wetland where soils and stems consistently emit CHa. In this habitat, the
coefficient of variation for soil flux (1.94) is twice as much as stem flux (0.92). Traditional soil trace gas
measurement methods capture processes only in a small area, with large variations among individual
measurements due to the existence of biogeochemical hot spots in a highly heterogeneous landscape.
For a single tree, soil conditions around individual roots are highly heterogeneous, the entire root
system spreads over a much larger area, and thus integrates widely varying conditions both vertically
and horizontally (Schenk and Jackson 2002). Across all habitats pairwise measurements of stem CH,
fluxes consistently exceeded soil CH4 fluxes on an area basis, suggesting that the base of tree stems are a
localized hot spot relative to the soil. In a few instances, we also recorded hot moments with extremely
high (an order of magnitude higher than the mean) stem CH, fluxes (Figure 3-2). It is important not to
discard such data as outliers, even though data analysis becomes more challenging. Recent advances of
continuous field trace gas measurement technology will allow high frequency sampling and thus to

better characterize the sources, sinks and drivers of CH4 fluxes in forests.

Despite the heightened interest following Keppler et al. (2006), to date only a handful studies
convincingly documented trees as CH,4 sources (Table 3-3). Six of those, including our study, attempted
to quantify CH, flux from live upland trees, and five directly measured stem fluxes in the field. Different

studies report their data using incompatible approaches, including different methodologies to scale up
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data. Studies have been conducted under different climatic conditions, from tropical rainforests to
boreal forests. Chambers were closed from 6 minutes to 6 hours for each measurement. The position of
chambers above the ground, which has been shown to affect flux rates (Pangala et al. 2013), varied from
15 cm to 200 cm. One issue that we address here is the variations in stem flux chamber design used in
direct field measurements. Some studies (Terazawa et al. 2007, Terazawa et al. 2015), ours included,
employed a chamber that is mounted one side of a tree (i.e. partial-circumference design). The
advantages of this design are that it allows measurements on large trees, maximizes the surface to
volume ratio, allowing for relatively short measurement times. The design suited our goal of measuring
emissions from a wide range of tree sizes and detecting small fluxes in upland forests. However, this
type of chamber does not capture radially variation in emissions around the circumference of the tree
and is difficult to fit on small trees. Other studies (Gauci et al. 2010, Pangala et al. 2013) have used a
chamber that completely encloses the stem (i.e. full-circumference design). This chamber style results in
a lower surface to volume ratio and may result in longer measurement times but it is well suited for
small diameter stems. Recently Siegenthaler et al. (2016) developed a full-circumference design using
low permeability, flexible material that significantly improves surface to volume ratios. This chamber
style may ideally address some field, habitat, and tree diameter constraints. A systematic comparison
between chamber styles and recommendations of standardized chamber designs and protocols will

allow for interpretation and synthesis of stem flux measurements.

3.5. Conclusion

Forests cover about 30 % of the global land surface (FAO 2016) and are important sinks of
atmospheric carbon (IPCC 2013). The present and other studies indicate that upland trees emit CH, and

thus have to be incorporated into forest carbon cycling models. Our data support a below ground CH,4
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source, but this pathway probably works simultaneously with other mechanisms, such as CH4 derived
from internal microbial sources. Our study highlighted the many biotic and abiotic factors that influence
tree mediated CH4 fluxes. Future studies should focus on teasing apart the roles of tree size and species
identity (physiology, wood structure, rooting depth), and a multitude of above- and belowground
environmental factors. Using high frequency measurements (Pitz and Megonigal 2017) will help
determine drivers on diurnal, seasonal and annual scales, and identify hot moments. Considering
evidence that the global warming potential of CH, is dramatically higher when being consumed from the
atmosphere than emitted (sustained global warming potential of uptake = 203 versus emission = 45 over
100 years) (Neubauer and Megonigal 2015), systems such as upland forests where CH, is simultaneously

produced and consumed are particularly important to evaluate from a whole-system perspective.
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4. Soil Respiration in a Tropical Rainforest

4.1. Introduction
Soil respiration is one of the largest annual fluxes of carbon dioxide (CO;) to the atmosphere. During

the period of 1989 to 2008, global soil respiration has been estimated to increase by 0.1 Pg C yr
reaching 98 + 12 Pg C yr in 2008 (Bond-Lamberty and Thomson 2010b). As of 2018, the atmosphere
contains over 850 Pg of carbon, meaning that every year the equivalent of more than 10% of

atmospheric CO; cycles through soils.

Anthropogenic emissions of carbon were estimated to be 9.8 + 0.5 Pg Cyrin 2014 (Le Quere et al.
2015), which is approximately the same size as the estimated uncertainty in global soil respiration and
an order of magnitude lower than total global soil respiration. Therefore, small changes in soil

respiration may have large effects on CO, concentrations thus radiative forcing of the atmosphere.

In general, little is known how future biotic and abiotic changes will affect soil respiration (Vicca et
al. 2014). Soil respiration varies greatly on both spatial and temporal scales and climate projections must
make assumptions about the sensitivity of soil respiration to changes in temperature, moisture, and
organic matter input (Jobbagy and Jackson 2000). The majority of field data to inform these
assumptions has been collected in temperate biomes. Data collected in under-sampled ecosystems is
essential to improve estimates of this sensitivity. This chapter concentrates on tropical rainforests,

which are one of the most important, yet poorly-sampled ecosystems.

Forests cover approximately 30% of land surface (FAO 2016) and represent an important sink of
carbon (IPCC 2013) and 50% of forest land is in the tropics. Between aboveground and belowground
stocks, tropical forests contain 55% of total forest carbon, approximately 471 + 93 Pg C (Pan et al. 2011).

Tropical forests have the highest annual soil respiration rates (Bond-Lamberty and Thomson 2010b) and
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more than 25% of global soil respiration is estimated to be from broadleaf tropical rainforests (Raich et

al. 2002).

While approximately twice as much land is covered by tropical forests than temperate forests based
on a comprehensive soil respiration database compiled by Bond-Lamberty and Thomson (2010a), there
are five times more annual soil respiration estimates from temperate forests sites than from tropical
sites. This indicates that relative to temperate forests, much less is known about tropical soil respiration,
which dominates annual soil flux rates. Therefore, increasing the number of field measurements of

tropical soil respiration should be a priority.

One strategy to advance our understanding of soil respiration is to improve the way in which it is
measured. There are several different methods of measuring and modeling soil respiration, each
involving tradeoffs between scale, limitations, assumptions and cost. The main three methods are eddy

covariance, chamber methods and gradient methods.

Eddy covariance (EC) can be used to estimate net ecosystem exchange by analyzing turbulent
changes in vertical wind speed and CO; concentrations. These measurements are made on towers
extending above an ecosystem’s canopy. Carbon fluxes can be calculated within a footprint of the tower.
This footprint can extend 100 m to 2 km from the tower depending on tower height, wind direction and
speed and footprint estimation methodology (Hsieh et al. 2000, Kormann and Meixner 2001, Kljun et al.
2004). At night EC can be used to estimate soil respiration on large scales not possible with other
techniques, greatly improving our understanding of carbon fluxes in a variety of ecosystems (Beer et al.
2010, Jung et al. 2010, Mahecha et al. 2010, Baldocchi 2014). However, there are limitations to using EC
to estimate soil respiration. If the atmosphere is not turbulent enough, reliable soil respiration
measurements cannot be made because too much CO; will be transported horizontally by advection

rather than vertically by mixing. At night, surface cooling and low winds often produce a thin near-
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surface boundary layer, resulting in poor agreement between EC based estimates of soil respiration and
other methods (Barba et al. 2018). Building a tower that extends above the canopy and maintaining the
instruments require substantial capital investments, especially in mature forests where towers must rise
well above the tallest trees. In addition to high frequency CO, measurements, other ancillary data must
be collected such as water vapor concentration, total solar radiation, three-dimensional wind vectors,
CO, concentrations at multiple heights below the tower, among others. Data collection gaps can occur
during power outages or when sensors in the sampling suite fail. Due to climate and location, tropical
forest ecosystems of interest are likely to have both sensor failures and limited power availability. These

constraints have limited the number of EC towers built and measurements made in the tropics.

Chamber methods (CMs) using an open bottom soil collar are the most common way to
measure soil respiration. Some of the advantages of chambers are that they are portable, deployable to
remote sites, and relatively inexpensive compared to eddy covariance methods. Most frequently, non-
steady state chambers are used. To determine the soil efflux, the chamber is closed upon the soil ring
and CO; in the headspace begins to accumulate above ambient concentrations. Because CO; is above
ambient conditions, the concentration gradient within the headspace becomes distorted and can lead to
sampling biases (Davidson et al. 2002). Other disadvantages include low sampling frequencies, the small
area measured, inclusion or exclusion of litter and the collar causing changes in the soil micro-

environment.

Automated chamber systems can improve the rate at which measurements are made but
represent a fraction of published chamber-based soil respiration studies. There has been limited
adoption of automated systems because they are expensive and have high power requirements. Similar
to EC, high power requirements limit the locations and environments where automated systems can be
deployed. Many automated systems rely on a central CO, analyzer which requires a network of tubes

and manifolds to deliver headspace air to the analyzer. With limits on tubing length, chambers
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connected to a central analyzer must be placed within a certain radius which may lead to pseudo-
replication. Additionally, some automated systems cannot measure more than once an hour, but since
some soil processes operate on sub hourly time scales (Lee et al. 2004), data collected may not

accurately characterize soil responses.

The gradient method (GM) is based on measuring the soil CO, concentration gradient at several
depths within the soil and calculating soil respiration using diffusion models. Most models assume that
diffusion dominates gas transport and calculate the effective diffusivity from parameters such as soil
moisture, soil temperature, air-filled porosity, bulk density and soil texture (Penman 1940, Marshall
1959, Millington and Quirk 1961, Moldrup et al. 1999). In the last two decades, rugged accurate sensors
have been developed that allow long term in-situ measurements of soil CO,, making GM more viable

and popular (Tang et al. 2003).

GM also has the potential to avoid some limitations associated with eddy covariance and
chamber methods. Assuming electricity is available for the relatively low-power sensors, data can be
collected continuously and at rates comparable or faster than automated chambers. GM can generate
soil respiration estimates when the atmosphere is too calm for eddy covariance and can potentially
minimize problems associated with the chamber method such as changing the microclimate in the soil
ring or changing the soil CO, concentration gradient. GM can provide additional information about the
soil CO; depth profile while EC and chamber methods can only provide information about soil-air

respiration fluxes.

GM can avoid some of the pitfalls of EC and CM, but there are still drawbacks. While GM creates
less disturbance than CM, the installation and presence of CO; probes will still change the soil
environment. Soil respiration is spatially heterogeneous. The CO, sensors used for gradient methods are

relatively small and accurately sample a small area, areas which may not be representative of the larger
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study area. This can be an advantage if small scale spatial heterogeneity is a central question. When
estimating the mean soil respiration values from an environment, habitat or ecosystem using the
gradient method, more replicates may be required, which is more costly than other methods. Moreover,

electricity availability may be a limiting factor depending on the site.

Disturbance also plays a significant role in soil respiration; approximately 20% of the CO, that
has been fluxed to the atmosphere is a result of disturbance via land use change (IPCC 2013), and much
of that CO, originated as soil carbon. Changes in aboveground biomass through logging or thinning can

result in altered soil respiration through changes in root biomass and inputs of litter and woody debris.

To explore patterns of tropical soil respiration and the importance of disturbance, we conducted
two field campaigns in an upland, tropical, broadleaf rainforest within the Amazon basin in eastern
Ecuador. Measurements were carried out in January 2010, the driest month of the year, and in May and
June, the wettest months of the year. Soil respiration was compared between disturbed and pristine

sites. We attempted to answer the following questions:

e How does disturbance affect soil respiration in an upland tropical broadleaf rainforest?

e How variable is soil respiration on spatial scales of several meters to tens of meters?

e How much does soil respiration vary on a diurnal and seasonal scales?

e How do soil respiration estimates from the gradient method compare with more traditional

chamber methods?
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4.2. Methods
Site
The study site is located in a lowland, broadleaf, tropical rainforest (0.6806°S, 76.4027°W, 240

meters (m)) within the Yasuni National Park and Biosphere Reserve in Ecuador. The site is within the

Napo River basin and located south of the Tiputini River, both being tributaries of the Amazon River.
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Figure 4-1: Location of diversity plot.

We conducted our experiment within a 25 hectare (ha) plant biodiversity and forest plot (Figure
4-1) established by the Catholic University of Ecuador, the Smithsonian Tropical Research Institute, and
the University of Aarhus (Valencia et al. 2004). The forest plot is approximately 1 km south from the
Yasuni Biological Station that is operated by the Catholic University of Ecuador. The forest plot is highly
diverse, with over 1100 woody plant species (Molina et al. 2016). Our site is located on a hill in the

southwest corner of the plot, 20 to 25 meters in elevation above a small floodplain, and within a non-
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inundated, terre firme forest. In the southwest corner of the forest plot is a small disturbed area
(described in more detail below). Half of our measurements occurred in this disturbed area and the
remaining measurements were made in the adjacent undisturbed forest. Before discussing the soil CO,

efflux measurements made at these sites, | will describe the climate and soil at the sites.

Temperature, Precipitation, and Seasonality

Climate and weather data have been collected at the station from May 2000, through February
2012. At the weather station, air temperature data was automatically measured multiple times each
hour but is recorded as an hourly mean. The mean annual air temperature is 24.9 °C. While air
temperatures do not vary much throughout the year, the hottest month is October with a mean air
temperature of 25.6 °C, and the coolest month is June with a mean air temperature of 23.9 °C (Figure
4-2). Mean maximum and mean minimum air temperatures were computed by extracting the highest or
lowest hourly temperature for each date available and then calculating the mean of all dates. The mean
maximum air temperature (average high) was 30.8 °C (n=2928). The mean minimum air temperature

(average low) was 21.2 °C (n=2928).
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Figure 4-2: Mean, maximum and minimum air temperatures at Yasuni Biological Station for each month.
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Mean annual precipitation is 3093 millimeters (mm). The forests in Yasuni National Park and
Biosphere Reserve are not considered seasonal tropical forests because no months have average
precipitation less than 150 mm (Figure 4-3). There are, however, two monthly peaks of precipitation;
one in June and a smaller peak in October. With 396 mm of precipitation, June receives the most rainfall

and January receives the least precipitation, with “only” 157 mm.
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Figure 4-3: Mean monthly rainfall at the study site.
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Soils in the Yasuni area are sparsely characterized. The soils within the larger forest plot are
clayey, acidic, Udult Ultisols (John et al. 2007). The pH of the soil at our site is 4.1. Another study in the
vicinity of our site measured the soil pH in the top 5 cm to be between 3.0 and 4.2 (Tuomisto et al.

2003).

For texture and bulk density measurements we took soil samples adjacent to each soil
respiration measurement location. Soil texture was determined using a hydrometer method (Gee and
Bauder 1986). Fifty grams of oven dried soil was added to 50 mL of water and 100 ml of sodium
hexametaphosphate solution (50 g/L) to create a slurry. The soil particles in the slurry were dispersed by

mixing for 5 minutes with an immersion blender (Conair Corp., Stamford, Connecticut, USA).

The dispersed soil mixture was transferred to a 1 L graduated cylinder and filled with water to
1000 mL mark. An agitation plunger was used to suspend the soil in solution by mixing with full strokes
for 4 minutes. When the plunger was removed from the solution a timer was started and a hydrometer
was placed into the cylinder. At 40 seconds and 2 hours solution density measurements were recorded
along with temperature. Density measurements were corrected for solution temperature. Percent sand,

silt, and clay were calculated using the following equations:

40 sec density measurement
% Sand = - x 100
dry soil mass

2 hr density measurement
% Clay = - x 100
dry soil mass

% Silt = 100% — % Sand — % Clay

The soils at our sites are primarily clay. In the undisturbed site the soil is composed of 7% sand,
24% silt and 69% clay. In the disturbed site the soil was composed of 3% sand, 22% silt and 75% clay.
Other publications have found higher silt contents but may not have sampled the same locations or

depths (Tuomisto et al. 2003, John et al. 2007).
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We collected bulk density samples at each sampling location using 5 cm long and 5 cm diameter
aluminum ring inserts (AMS Inc., American Falls, Idaho, USA) every 5 cm down to 20 cm. Each 5 cm
section was collected individually due to unusually high compression observed in the upper soil profile
when using a split-core sampler (AMS Inc., American Falls, Idaho, USA). For example, when collecting the
10-15 cm depth sample, the soil was excavated down to 10 cm, a flat surface was created, and the
aluminum ring was pushed into the soil. The ring then had to be excavated and cut from the bottom so
the entire soil core would remain within the ring. Soil samples were dried in an oven at 105 °C for
several days or until sample mass stopped changing. Mean bulk density was 0.56 g cm™,0.78 g cm,

0.80 g cm?, and 0.87 g cm?3, for 0-5 cm, 5-10 ¢cm, 10-15 c¢cm, and 15-20 cm respectively.

Experimental design

Our design took advantage of an accidental inclusion of a disturbed area within the larger forest
plot, which itself is contained within a pristine rainforest forest (Figure 4-4A). The plot’s northern
boundary was established in 1995 and the southern corners were set later as the first census
progressed. After the first census was completed in 2000 and over 150,000 individual woody plants had
been surveyed, it was clear that a previously unknown disturbed area had been included within the plot

(Valencia et al. 2004).

This disturbed area of approximately 50 meters in diameter was dominated by Cecropia
sciadophylla. The Cecropia genus is known to be a fast-growing, shade intolerant, pioneer species that
would normally be sparsely distributed within a mature forest (Alvarez-Buylla and Martinez-Ramos
1990). The density of C. sciadophylla within this area is uncharacteristically high compared to the rest of
the plot. This indicates that a recent disturbance had created a clearing because over time other slower
growth, shade tolerant tree species will out-compete C. sciadophylla for light and space. In addition,

according to anecdotal evidence an oil exploration group worked in the area during the 1980’s before
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there was road access. It was common for these groups to clear a small hill of vegetation to create a

rudimentary helicopter landing pad.
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Figure 4-4: Experimental design. A) displays the distribution of Cecropia and Cedrelinga trees in the diversity plot. Black, open
triangles represent the location of the four sites. Figure is modified from Valencia et al. (2004). B) is a diagram of each site. Each
of the 12 sampling locations is at the corner of a 3 m triangle. Each corner has a soil ring for chamber measurements and three
CO; probes used for the gradient method. C) shows the protective case for the CO;, probe’s transmitters. Wireless dataloggers
were attached to the lid of the case. D) is a diagram of how the CO, probes were buried at each sampling location. The diagram
is modified from Tang et al. (2003). E) is a photo of a sampling location with several CO, probes adjacent to a soil chamber.

Adjacent to this stand of C. sciadophylla are several Cedrelinga catenaeformis, an emergent tree
species with one individual greater than 200 cm in diameter. Based on published growth rates, this

individual has likely been growing for at least 150-200 years (Brienen and Zuidema 2006). With large
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older trees adjacent to an unusually dense stand of young pioneer trees, we felt confident characterizing

the C. catenaeformis area as undisturbed and the C. sciadophylla area as disturbed.

The experiment consisted of 12 soil respiration sampling locations, half in the disturbed forest
and half in the undisturbed forest (Figure 4-4A). Within each forest, the sampling locations were
arranged onto corners of an equilateral triangle with the dimensions of 3 m per side (Figure 4-4B). Each
forest contained two triangles, a total of 6 sampling locations per area. The four triangles were arranged
along an approximate 100 m east-west line, with 25 to 35 m between the centers of each triangle. The

border of the disturbed and undisturbed area lay at the midpoint of the 100 m line.

Soil respiration was measured by two methods at each sampling location; the chamber method
and the gradient method. At the corner of each 3 m equilateral triangle was one soil ring used for the
chamber measurement and three soil CO, probes (Figure 4-4B), buried at specific depths, used for the

gradient method. The soil ring and probes were adjacent to each other, within 20 cm (Figure 4-4E).

Chamber method

Soil respiration was measured using a non-steady-state chamber. Twelve soil rings, made of PVC
with a height of 5 cm and a diameter of 15.2 cm, were inserted into the soil at each sampling location.
Each had a beveled edge to assist in installation. The chamber enclosure was constructed from two PVC
parts; a 6” adapter with a female socket and female threads (Part #4880K151, McMaster-Carr,
Robbinsville, New Jersey, USA) and a 6” male threaded plug (Part #4880K151, McMaster-Carr,
Robbinsville, New Jersey, USA). Carbon dioxide in the headspace of the chamber was monitored using a
temperature corrected CO; probe (GMP343, Vaisala Corp., Vantaa, Finland). To mount the GMP343 to
the chamber and create an airtight seal, a hole was drilled into the PVC plug using a 2.5” hole saw drill
bit. A metal mounting flange (Vaisala Corp., Vantaa, Finland) was placed into the drilled hole, creating an

airtight headspace, minus small capillary tube used for pressure relief.
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To collect a soil respiration measurement, the chamber enclosure was placed upon a soil ring for
5-10 minutes while CO, concentrations were recorded. The GMP343 was connected to a small laptop
running Windows XP through a serial to USB adapter (Figure 4-4E). The laptop communicated with the
probe and logged data using Hyperterminal (Microsoft Corp., Redmond, Washington, USA). The GMP343
collected CO; concentration data every 2 seconds. Soil and air temperatures were recorded manually
using a digital thermometer at each sampling location during each chamber measurement. Soil

temperature was measured at 10 cm and air temperature was measured at 1.5 m.

When calculating the slope of CO, concentration change over time, we ignored the first 60
seconds of the observations, as those may produce false readings associated with pressure changes
while lowering the enclosure onto the soil ring. The slope of gas concentration change was determined
using the Im function in R v3.1.2 (R Core Team 2014). In every case, the slope was based on at least 120

observations.

Gas flux was calculated using the following equation:

_d[CH4]XPV i1
T dt ART (1)

where F is the flux in pmol m?2s™, P is atmospheric pressure, T is the air temperature, R is the
universal gas constant, A is the collar surface area and V is the volume of the air enclosed by the
chamber. Air temperature is also measured simultaneous with concentration by the CO; probe.

Atmospheric pressure was measured at the nearby weather station (<1 km away).

Gradient method

Each location used three CO; sensors buried vertically in the soil at depths of 2 cm, 8 cm and 16
cm (Figure 4-4D). We used ruggedized CO, sensors that can withstand the harsh soil environments

(GM221 and GMT222, Vaisala Corp., Vantaa, Finland). The probe was open to air but protected from

69



moisture by a sleeve of Goretex™. The cavity and Goretex™ were protected from debris by an exterior
plastic cover with slotted openings similar to a well screen. A plastic, cylindrical protective sleeve was
placed around the cover so the top was sealed and the bottom was open to the soil at the target depth
(Figure 4-4D). The GMT221 and GMT222 come in a variety of ranges and we had to use several to
characterize the soil CO; concentration profile. We mostly used probes with ranges of 0-10,000 ppm
(1%) and 0-20,000 ppm (2%) but at some depths and sampling locations we used probes with ranges as
high as 0-30,000 ppm (3%) and 0-100,000 ppm (10%). A total of 36 CO, probes were deployed during
each campaign, 3 per location, 6 locations in the undisturbed forest and 6 locations in the disturbed

forest (Figure 4-4A and Figure 4-4B).

The CO; probes were calibrated before and after each field campaign using traceable standards.
The GMT221 and GMT222 are powered by 24V direct current, so voltage-doublers were soldered to

transmitter power inputs so the probes could be powered by 12V automotive batteries.

GMT220 sensor probes are watertight and were placed into the soil but the probe transmitter
housing needed to be protected from the elements. For each sampling location, four holes were drilled
into a watertight case (Pelican 1300 Protector Case, Pelican Products Inc., Torrance, California, USA);
three holes for the GMT221 cables and one hole for the power cable (Figure 4-4C). A rubber grommet
was placed into each hole and silicone caulk was used to seal any remaining voids between the cables,

grommets, and drilled holes.

Soil temperature and soil moisture were measured at each soil CO; sampling depth to correct
for CO, concentrations and to estimate diffusivity from temperature and volumetric water content.
These measurements were made at the center of triangle; in between three sampling locations (B). Soil
moisture was measured using a volumetric moisture content probe (ECHO EC-5, Meter, Pullman,

Washington, USA). Soil temperature was measured using custom built thermistors.
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Measurements from the CO, sensors, temperature and soil moisture sensors were recorded
every 10 minutes on custom wireless dataloggers (Savva et al. 2013). The wireless dataloggers were
each a node on a wireless sensor network which could be downloaded simultaneously in the field using
a laptop to a local database. The local database could then be copied to a server when internet access

was available.

Gradient Method Calculations

Soil respiration can be estimated from the flux of CO, diffusing from the soil. The flux can be

calculated using models based on Fick’s law:

dcC
F = —DSE (42)

Where F is the CO, efflux in in pmol m?s?, Dsis the CO, diffusion coefficient in the soil, and dC/dz in the
vertical soil CO; concentration gradient. Soil CO; concentrations were collected every 10 minutes but

averaged to 30 minute intervals when calculating the concentration gradient.
Dg =¢D, (4.3)

Where £ is the gas tortuosity factor, and D, is the CO, diffusion coefficient in free air. Effects of

temperature and pressure on D, can be corrected by the following formula:

D _D ( T )1.75( P ) 44
a ™ ~ab\293.15 101.3 (44)

Where Dy is a reference value of D, at 20 °C (293.15 °K) and 101.3 kPa and is given to be 14.7 mm? s

(Jones 1992). T is the soil temperature (K) adjacent to the CO, probes and P is the air pressure (kPa).
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There are many models for calculating tortuosity (Penman 1940, Marshall 1959, Millington and Quirk
1961, Moldrup et al. 1997, Moldrup et al. 2000) but for this study a soil texture dependent model from

Moldrup et al. (1999) was initially used:

Bs

RICUNE

where 0 is volumetric soil water content, ® = 1 — pb/pm is the porosity (where py is the bulk
density and pm is the particle density of mineral soil, using the common value for quartz sand of 2.65 g
cm3), Sis the percentage of sand and silt, and B is a constant determined by Moldrup et al. (1999) and is
equal to 2.9. Because bulk density across the site was unusually low for the 0-5 cm samples, the mean
bulk density of the 5-10 cm, 10-15 cm, and 15-20 cm cores were used to calculate the bulk density for

each sampling location.

The measured soil CO; concentrations, at depths of 2, 8 and 16 cm, were used to construct
concentration gradients and fluxes at intermediate depths, between the probe depths. Soil CO; fluxes
were calculated at 5, 9 and 12 cm and were fit to a line, whose slope gives the size of the source, or sink,
within the ground. The intercept where the soil depth is zero gives the surface flux. This methodology is
similar to Tang and Baldocchi (2005) and is compared to other methods in Maier and Schack-Kirchner

(2014).

Field Campaigns

In an attempt to capture seasonal changes, two field campaigns were conducted in 2010; one
beginning in early January and the second beginning in late May. The first field campaign began on
January 13" and ended on January 27th. The second campaign began on May 22" and ended on June

7th. While the CO; sensors used in this experiment are relatively low power, the remoteness of the site

72



and closed canopy made battery power the only option. Maintaining charged batteries for the sensors

proved labor intensive which is why each field campaign lasted several weeks.

Statistical analysis

Statistical analyses of flux data were conducted using R v3.1.2 (R Core Team 2014). Mixed linear

models were fit using the Ime4 package. Gradient fluxes were calculated using Matlab R2108a.

4.3, Results

Over the course of two field campaigns in 2010 a total of 234 manual chamber measurements were
collected. In January, the mean soil respiration rate was 3.63 + 0.10 umol CO, m? s (mean * standard
error) and 2.42 + 0.08 umol CO, m? s from the undisturbed and disturbed forest, respectively. In May-
June, the mean soil respiration rate was 3.36 + 0.07 umol CO; m? sand 2.50 + 0.10 umol CO; m? st
from the undisturbed and disturbed forest, respectively. During January, soil respiration from the
undisturbed forests was significantly higher (P < 0.01) than the disturbed forest Figure 4-5. During May-
June, soil respiration from the undisturbed forests was significantly higher (P < 0.02) than the disturbed

forest (Figure 4-5). There were no significant differences between the same forest in different seasons.
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Figure 4-5: Soil Respiration during two field campaigns in both forests

Mean soil temperatures at all depths during both field campaigns ranged from 24.2 °C to 24.9°C.
During the January field campaign mean soil temperatures were 24.2 + 0.5 °C, 24.8 £+ 0.3°Cand 24.5 £
0.1 °C at depths of 2 cm, 8cm and 16 cm, respectively. The soil was slightly warmer at each depth in May
and June, with a maximum difference at 2 cm of 0.4 °C. During the May-June field campaign mean soil
temperatures were 24.6 £ 0.5 °C, 24.9 £ 0.3 °Cand 24.6 + 0.1 °C at depths of 2 cm, 8cm and 16 cm,
respectively. Maximum and minimum observed soil temperatures were 26.3 °C and 22.9°C at a depth of
2 cm. Due to temperature sensor failures only one soil temperature dataset could be constructed so

differences between the disturbed and undisturbed forest could not be assessed.

Soil moisture was higher during the May-June campaign. In the undisturbed forest, mean soil
moisture among the depths was 28.9% during January and 35.6% during May-June. In the disturbed
forest, mean soil moisture among the depths was 32.2% during January and 37.5% during May-June.

During both field campaigns soil moisture was higher in the disturbed forest.
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Mean soil CO, concentrations during the two campaigns, averaged by depth and forest type,
ranged from 2259 £ 146 ppm at 2 cm in the undisturbed forest in January to 15006 + 2932 ppm at 16 cm

in the undisturbed forest in May-June (Figure 4-6A).

In January, soil CO; concentrations were higher in the disturbed forest. Within the undisturbed
forest during January, mean soil CO, concentrations at 2 cm, 8 cm and 16 cm were 2259 + 146 ppm
(mean + SE), 3893 + 573 ppm and 9183 + 1272 ppm, respectively (Figure 4-6A). Within the disturbed
forest, mean soil CO; concentrations at 2 cm, 8 cm and 16 cm were 2845 + 347 ppm, 5076 + 713 ppm

and 11488 + 2301 ppm, respectively.

In May and June, soil CO; concentrations were generally higher in the disturbed forest, and soil
CO> concentrations were higher and more variable compared to January (Figure 4-6B). Within the
undisturbed forest during May and June, mean soil CO, concentrations at 2 cm, 8 cm and 16 cm were
6188 + 2011 ppm, 8994 + 2889 ppm and 15006 + 2932 ppm, respectively. Within the disturbed forest
during May and June, mean soil CO, concentrations at 2 cm, 8 cm and 16 cm were 6313 + 1357 ppm,

10410 £ 1243 ppm and 13775 + 1098 ppm, respectively.

Soil CO, concentrations were significantly higher during May-June in both forest types and all
depths (Figure 4-6B). Except for 16 cm in the disturbed forest, variability was also higher during May-

June in both forest types and all depths.
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Figure 4-6: Soil CO, concentrations. A: Mean soil CO, concentrations at 2, 8 and 16 cm during each field campaign. B: Mean soil
CO; concentrations at 2, 8 and 16 cm in each forest type. Each data point, n=6.
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Figure 4-7: Mean Soil Diffusivity during the two field campaigns
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Figure 4-7 displays the observed changes in soil diffusivity using Moldrup et al. (1999) during the
two field campaigns. Mean diffusivity of all the sampling locations was 4.53 + 0.19 mm? s during
January and 3.96 + 0.05 mm? st during May-June. The lower diffusivity during May-June is due to higher
soil moisture. Variation of diffusivity was driven by changes in soil moisture and temperature (Figure
4-7). Large decreases in diffusivity were caused by rainfall events. Smaller variations were driven by
temperature changes and evapotranspiration. The mean diffusivities during January and May-June were
86% and 63% higher, respectively, than the mean diffusivity that Tang et al. (2003) calculated at their

site.

Using the gradient method, mean soil efflux was higher during the May-June field campaign
(Figure 4-8). To calculate the mean soil efflux for each field campaign, all sampling locations, regardless
of forest type were averaged together. During January, mean soil efflux from all sampling locations was
estimated to be -1.09 * 3.56 pmol CO, m™? s™* (mean + standard deviation). During May-June, mean soil
efflux from all sampling locations was estimated to be 8.84 + 6.13 umol CO, m? s (mean * standard
deviation). Plotted on the same figure are the mean soil respiration values that were measured using

the chamber method. Each point is the average of all sampling locations.
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Figure 4-8: Mean soil efflux of all locations from the gradient method and the chamber method. Black circles are mean soil efflux
from the gradient method. Orange circles are mean soil respiration from the chamber method.

4.4, Discussion

Fluxes estimated using the chamber method

Soil respiration measured using the chamber method was consistently higher in the undisturbed
forest. Season did not have an effect within a given forest type. Soil respiration may be higher in the
undisturbed forest due to higher aboveground biomass. Aboveground and belowground (root) biomass
are highly correlated and higher aboveground biomass results in more leaf litter input to the forest floor
(Bowden et al. 1993, Rustad et al. 2001). Higher root biomass will not only result in higher autotrophic

respiration but can stimulate heterotrophic respiration (Scott-Denton et al. 2006).

Soil temperatures during both field campaigns were consistent and stable. Within the same
depth, soil temperature was relatively stable between the two field campaigns with a maximum
difference of with 0.4 °C at 2 cm. Soil temperature in a broadleaf tropical forest would not be variable
compared to other ecosystems for two reasons; stable air temperatures and high canopy light
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interception. During the two field campaigns, the average soil temperature at 8 cm was 24.8 £ 0.3 °C
which is close to the average annual air temperature of 24.9 °C. The range in air temperatures between
the warmest and coolest months at Yasuni is only 1.7 °C, which is small when compared to temperate
climates where the average monthly temperature differences can be more than 15 °C. With negligible
seasonal changes in air temperature, low variability in soil temperatures would also be expected.
Minimal solar radiation reaches the forest floor in tropical evergreen broadleaf forests. The leaf area
index (LAI) of tropical evergreen broadleaf forests can exceed 5 m? m (Asner et al. 2003), particularly in
forests that lack significant seasonality such as Yasuni. High foliar surface area results in high light
interception and only 1-2% of the photosynthetically active radiation reaching the understory (Chazdon
and Fetcher 1984, Montgomery and Chazdon 2001). With little direct or diffuse solar radiation reaching

the soil surface, little temperature variation can occur, both on diurnal and seasonal timescales.

While temperature did not vary between the two periods, soil moisture did; it was 5-6% higher
during May and June, historically the wettest months of the year. This higher soil moisture did not affect
soil respiration. Studies have shown a “tipping point” of soil moisture as it relates to soil respiration
(Wood et al. 2013). Peak soil respiration occurs around this “tipping point” and any increases of soil
moisture will decrease soil respiration (Doff Sotta et al. 2004, Schwendenmann and Veldkamp 2006). At
high soil moisture, pore spaces are closed for gaseous diffusion. With high water filled pore space, less

oxygen can diffuse in to support respiration and less CO; can diffuse out.

Lower diffusion at higher soil moisture may also explain trends observed in soil CO,
concentrations. Soil CO; was higher during May-June and higher in the disturbed forest. Soil respiration
was not different in May-June but soil CO, concentrations were higher supporting the hypothesis that
the soil CO; diffusion was restricted by high soil moisture in May-June. During both field campaigns, soil

moisture was higher in the disturbed forest, which may partially explain the lower soil respiration.
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Disagreement between the gradient and chamber methods

During January the gradient method tended to underestimate soil respiration while during May-
June the gradient method tended to overestimate soil respiration. Additionally, the gradient method
estimated negative soil efflux during January. Respiration at the soil atmosphere interphase should
always be positive, unless a clear chamber is used in the presence of abundant herbaceous cover. Our
chambers were dark and the forest floor had essentially no herbaceous vegetation, thus negative fluxes

are indicative of the poor agreement between the chamber and gradient methods.

In Fick’s Law-based models of soil respiration, flux is the product of the diffusivity coefficient and
the concentration gradient. The diffusion coefficient can amplify or dampen the gradient derived from
the concentration profile. We choose to use Moldrup et al. (1999) because it has been used with success
by recent studies (Myklebust et al. 2008, Riveros-Iregui et al. 2008, Vargas and Allen 2008) and it

includes a component that accounts for soil texture.

The mean diffusion coefficient at our site using Moldrup et al. (1999) was 4.22 mm? s, which is
74% higher than the soil diffusion coefficient that Tang et al. (2003) calculated using Millington and
Quirk (1961), as seen in Figure 4-7. During their study, Tang et al. (2003) measured a soil temperature
range of 32.6 - 38.3 °C and a soil moisture range of 5.9 - 6.5%, in a soil with 48% sand and 42% silt.
Regardless of which diffusivity equation is used, it is intuitive that a hot, dry, silty sand soil should have a
higher diffusion coefficient than a wet clay soil. Under those conditions, the pore spaces will be mostly
open in the silty sand. Under conditions we observed in the clay soil at Yasuni, it would be expected that
the pore spaces would be mostly closed. It is clear that relative to a sandy soil, the clay at Yasuni should

have a lower diffusivity.

The other problem with the soil flux estimates we calculated using the gradient method relates

to the concentration profile. We often measured higher soil CO, concentrations from shallow probes
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than from deeper probes in the same location. When shallow concentrations are higher, the gradient
method predicts negative fluxes between soil layers, and such fluxes are extrapolated to the soil surface,
the resulting estimate will predict low or negative fluxes. So far as we could tell, these reversed
gradients were not the result of instrumental error. Given that CO; is not uniformly produced in the soil
and that diffusivity is not uniform throughout the soil, it is possible that shallow, high concentration
areas exist. It is more likely that a clay soil with lower diffusivity will have areas where CO; can
accumulate than a coarser textured soil. We believe this may explain why we did not always measure

decreasing levels of soil CO, as we approached the soil surface.

As of 2018, only one study (Vargas and Allen 2008) has been published where the gradient
method was used in a tropical forest to estimate soil respiration. Vargas and Allen (2008) found good
agreement between chamber-based methods and the gradient method. It should be noted that the
relative importance of soil forming factors were quite different from this study. Vargas and Allen (2008)
measured soil respiration in shallow, alkaline, sandy soils (less than 25 cm) on young, calcareous bedrock
(Natural-Resources-Conservation-Service 2016). This study was conducted on deep, acidic, clayey soils
on highly, weathered sediments. Comparisons between the sites are challenging and highlights the

variety of conditions found in tropical forests.

With an understanding of how a commonly implemented flux model was failing to estimate
accurate CO; effluxes, we constructed two simple models that might better predict soil CO, fluxes at our
site. For the two simple models, we chose to use only CO; concentration data from only one soil depth,
2 cm. The concentration gradient was calculated between the soil CO, concentration at 2 cm and a fixed
value of 1000 ppm at the soil surface, thereby eliminating negative concentration gradients. For the first
simple model we evaluated six commonly used diffusion models. The second simple model continued to
use Moldrup et al. (1999) but the porosity was scaled down from the bulk and particle density derived

69%.
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For the first simple efflux model, we evaluated all the most common diffusion models, similar to
Pingintha et al. (2010), using our mean soil temperature of 24.4 °C at 2 cm, and mean soil moisture of 34
%. We continued to use a bulk density of approximately 0.80 g cm™ which yields a porosity of 69%. Table
4-1 displays the results of the different diffusion models. Moldrup et al. (1997) output the lowest

diffusivity of 0.51 mm?s™.

Model Formula Diffusivity (mm?2s™)
@ — 9\F*
Moldrup et al. (1999) & =2 (T) 4.21
§=0.66(®—0)
Penman (1940) 3.52
§=(0-0)5
Marshall (1959) 3.18
10
Millington and Quirk (1961) £ = @-93 1.03
P2
® —6\°
Moldrup et al. (1997) & =0.66(0—0) (T) 0.51
(CD _ 9)2.5
Moldrup et al. (2000) &= EE-— 1.65

Table 4-1: Soil diffusivities using six common models.
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Figure 4-9: A) is the gradient method using three soil CO, depths and Moldrup et. al (1999). B) is the two simplified models using
2 cm soil CO; concentration data and different diffusion equations. Blue lines are linear regressions. Dashed lines are 1:1. X-axis
is measured soil efflux using the chamber method. Y-axis is estimated soil efflux. Note each plot has different scales.

The second simple model used the diffusion model from Moldrup et al. (1999) but scaled the
total porosity by a factor of 0.60. This reduced the mean porosity from 69% to 41%. Several scaling
factors were tested but further reduction in the porosity would result in values lower than the soil

moisture and unusable data.

The linear regression between chamber measurements and the soil efflux from the gradient
method using Moldrup et al. (1999) and three concentration depths was not significant (Table 4-2) and

both RMSE and MAE were relatively high.

The linear regression between the soil efflux from our simplified model using Moldrup et al.
(1997) and chamber measurements was not significant (Table 4-2) but it did reduce error. The simplified
model also did not estimate any negative soil effluxes (Figure 4-9). Both RMSE and MAE were almost an

order of magnitude lower than the more complex Moldrup et al. (1999) based model. This indicates at
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our site, the additional measurements of 8 and 16 cm soil CO, concentrations did not improve the

estimation of soil efflux using a common implementation of the gradient method.

Table 4-2: Statistical parameters and error of different models

Model Slope R? p F RMSE | MAE | n
Moldrup 1999 — 3 depths -2.124 | 0.00689 | 0.2775 | 1.187 | 21.53 | 14.20 | 173
Moldrup 1997 — 2 cm -0.086 | 0.00073 | 0.7236 | 0.126 | 2.70 | 1.95| 173
Moldrup 1999 — 2 cm — Scaled porosity | -0.754 | 0.02718 | 0.0302 | 4.778 3.81| 268|173
Null (mean) - - - - 0.85| 0.67 | 61

The linear regression between the chamber measurements and soil efflux from second
simplified model using Moldrup et al. (1999) and scaled porosity was significant (Table 4-2). The slope,
however, was negative. The RMSE and MAE of the second simplified model was higher than the first

simplified model but lower than the three depth, Moldrup et al. (1999) gradient model.

Sixty-one chamber measurements could not be paired with concurrent gradient method soil
efflux estimates. The mean of those 61 soil respiration measurements was 3.02 + 0.79 pmol CO; m? s
and was used as our null model. The RMSE and MAE was approximately one third of the simplified
models. This indicates that while simplified flux models reduced the overall error, they are less capable

of predicting the temporal variation of chamber fluxes than is a mean of a subset of the chamber flux

data.

The linear regressions between measured soil efflux and both simplified models, which only
used the 2 cm soil CO, concentration, had negative slopes. Only the simplified model using scaled
porosity and the diffusion equation from Moldrup et al. (1999) was significant but both models had
lower RMSE and MAE than the three depth, Moldrup et al. (1999), gradient model. The negative slopes
may indicate that higher soil CO, concentrations at 2 cm coincide with lower measured soil efflux. While
this may seem counterintuitive, it may indicate that due to high clay content and relatively high soil

moisture, CO, cannot diffuse from the soil to the atmosphere, and therefore accumulates in the soil.
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Of the two simplified models, the fact that the model using the scaled porosity, reduced the
error and the linear regression was significant demonstrate that the texture-based diffusion model from
Moldrup et al. (1999) is not correctly parameterizing porosity in high clay soils. High clay soils often have
low bulk density and therefore high total porosity (Jones 1983, Bernoux et al. 1998). But as our

simplified model using scaled porosity shows, the effective porosity is likely lower.

The distance between the soil ring where soil efflux was measured using the chamber method
and the soil CO; probes was less than 20 cm. It is possible that even at this relatively small distance, soil
respiration is not consistently correlated to soil CO, concentrations, even the 2 cm probe in the case of

our simplified model.

Logistical Challenges

Termites damage to the soil CO; probes proved to be an unforeseen and difficult problem. At
several sampling locations after the CO, probe had been installed at the proper depth, ground or
arboreal termites found the probe and chewed through the protective Gore-tex barrier then filled the
sensor cavity with woody debris. The soil CO; probes have gold plated mirrors in the cavity and if they
become soiled the probe is no longer useable. Several times the termites would chew through the
silicone caulk, get inside the transmitters’ protective 6.5 L Pelican case and overnight would fill it 10-25%

with woody debris damaging the CO; probes transmitters.

Both the light source in the CO, probe and the transmitters inside the protective case give off
some heat, which may create a favorable environment for termites. While we did not discover a method
to deter termites from damaging the soil probe, we found that termites could be deterred from entering
by placing small amounts of naphthalene-based moth balls within the protective case. However, moth

balls contain naphthalene and other chemicals that have low vapor pressures, chemicals that may
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damage some plastics. If using naphthalene, we recommend monitoring the transmitters so they are not

damaged by the deterrent.

Data collection from temperature sensors proved problematic. By tracking when the
temperature sensors failed, it was clear that rain events and the resulting moisture must have affected
the electrical connections (data not shown). Even though they used the same 3.5 mm connections, the
soil moisture sensors were relatively reliable. Further improvements should be made to the connections
between the temperature sensors and dataloggers or, to compensate, more redundant temperature
sensors could be installed. Because the soil temperature was stable, this was not as large of a problem

as it would be in a temperate environment.

4.5. Conclusion
We measured soil respiration in a tropical broadleaf forest during two field campaigns using two

different methodologies: 1) the well-established but labor intensive chamber method and 2) the less
tested and less laborious gradient method. Soil respiration using the chamber method showed that an
undisturbed forest had higher soil respiration than a disturbed forest. This was true during both the
driest and wettest months of the year. However, within the undisturbed and disturbed forests, soil
respiration was not significantly different between the two field campaigns. Finally, soil temperature

was similar but soil moisture was 5-6% higher in the disturbed forest during the two field campaigns.

For researchers interested in measuring soil respiration in different biomes, based on this study
and Pingintha et al. (2010), where relatively poor fits were found between chamber and gradient
methods, the gradient method may not be suitable for high clay and wet soils. Other studies have shown
this to be the case after rain events, even in xeric biomes. As true porosity decreases due to soil texture
or soil moisture, two problems are likely to arise. First, it is more likely that the soil diffusivity will not be
accurately represented by available empirical diffusion models. And second, there is a higher probability

the soil CO, gradient will be abnormal.
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The first problem may be remedied by making diffusion measurements on high clay, low bulk
density soils over a range of soil moistures. These measurements could be used to update diffusion
models, as they were not included by Moldrup et al. (1999). Abnormal soil CO, gradients may be an
intractable problem with wet clays but it is possible that varying the CO, probe’s depths, or measuring
more depths would results in useable concentration gradients. Other studies show that gradient
methods do perform well in lower moisture conditions and soils with higher sand and silt contents.
Studies of soil respiration in biomes such as mesic grasslands could benefit from the gradient method,

where solar power could assist in the collection of continuous data.
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5. Conclusion

Itis still unclear if the impacts of increasing CO, concentrations on biogeochemical cycling will
result in positive feedbacks (more release of natural carbon dioxide and methane) or negative feedbacks
(more uptake of carbon dioxide and decrease in CH4 emission by the biosphere). Understanding the
drivers of fluxes of CO, and CH,4 to the atmosphere is thus essential for improving our ability to predict
future climates. Natural emissions of CO, are more variable and uncertain than anthropogenic
emissions. Soil respiration is one of the largest natural fluxes of CO, to the atmosphere. Measuring and
characterizing the biome specific responses of the soil system to abiotic factors remains a challenge.
While in-situ monitoring of soil CO, concentrations and the gradient method have shown promise in
predicting soil CO, efflux (Tang et al. 2003, Vargas and Allen 2008), results presented in the fourth
chapter demonstrate that soils with high clay content are not suitable for the commonly implemented
diffusion models. Further experiments with a larger range of soil textures and diffusivities are required
to create more realistic empirical models. Chamber measurements, ideally automated chamber
measurements, may be more suitable for tropical soils with high clay contents and may be a faster

method for reducing soil respiration uncertainty.

Initial reports of novel CH4 emissions from terrestrial plants(Keppler et al. 2006) were received
skeptically (Dueck et al. 2007, Beerling et al. 2008) but have been since been proven to be caused by UV
light, heart rot, and likely diffusion from belowground. Stem emissions have been demonstrated both in
wetland and upland forests and in all three major biomes: boreal, temperate and tropical biomes. Other
woody plant related emissions have also been identified, such as emissions from cryptic wetlands within
the tree (Carmichael et al. 2014) and from plant (Martinson et al. 2010) and woody debris (Covey et al.

2016, Warner et al. 2017).
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Many recent studies of CH, emissions from plants have been made possible by technological
advancements in trace gas sensing. When | began measuring CH4 fluxes in 2013, only gas
chromatographs were available with precisions of approximately 100 ppb and detection limits above
500 ppb. In general, such level of precision is sufficient to measure CH,4 fluxes from wetland ecosystems
but wetlands only cover a small fraction of the land surface. The currently available field-portable
spectroscopic instruments, using high precision cavity ring down or off-axis integrated cavity output, can
measure CH4 with precisions of 2 ppb. These instruments can accurately and quickly measure very small
flux rates seen in upland forests and allowed for the development of an automated system discussed in

Chapter 2. Moreover, they cost less than the traditional gas chromatograph.

To better understand the contribution of trees to CHs emissions, more comprehensive studies
must be conducted. Pangala et al. (2017) provides an excellent template for bridging the gap between
bottom-up inventories and top-down estimates of regional CH, fluxes. After measuring thousands of
stem CH, fluxes across a variety of seasonally flooded tropical forests in the Amazon basin, Pangala et al.
(2017) reported flux rates that were more than two orders of magnitude larger than previously reported
stem CH,4 emissions from wetland trees (Terazawa et al. 2007, Pangala et al. 2013, Pangala et al. 2015,
Terazawa et al. 2015). In addition to stem CH, measurements, bi-weekly atmospheric concentration
measurements of CHs, CO, and SFs were made using aircraft during the same time. Using back-trajectory
air mass and atmospheric mixing models, CH,4 fluxes could be estimated for the region. The regional CH,4
inventory based on field sampling and CH, fluxes from aircraft measurements were in agreement which
reconciles methodological disagreements that have been observed (Frankenberg et al. 2008,

Bergamaschi et al. 2009).

Though significant progress has been made in measuring and characterizing stem CH4 emissions,
many questions remain with regards to the drivers of observed patterns. | believe some of the most

important questions are the following:
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e Why do young tree stems release more CH4 per unit area than mature trees in forested
wetlands?

e What are the relative contributions of internal sources and belowground sources in different
habitats?

e What is controlling diurnal variation in stem CH, fluxes and why are they not observed in some
habitats?

e How does wood morphology and vascular physiology affect stem CH, emissions?

Answering these questions will help extrapolate results to other forested biomes, may inform

existing findings regarding herbaceous plants and reduce uncertainty in the CH, budget.

In addition to presenting a current estimate of global CH4 emissions, Saunois et al. (2016b)
provided three suggestions for reducing uncertainty in future CH, budgets. First, reduce the high
uncertainty in annual and decadal CH4 emissions from natural wetlands and inland water. This can be
accomplished by generating high frequency, high resolution maps of inland waters, developing
mechanistic models for naturally emitting surfaces, and creating a network of flux measurements for
CHg,, similarly to Fluxnet. Second, separate CH, sources and sinks into regions and processes by
improving atmospheric observations. Possible solutions include extending the current observation
network and including tracers such as ethane and isotopes of CH4. Saunois et al. (2016b) recommended
using high precision cavity ring down, off-axis integrated cavity output spectroscopic or quantum
cascade laser instruments to measure CH, and its isotopes. Third, improve atmospheric transport and
chemistry models, which they suggested could be accomplished by refining models’ vertical and

horizontal grids, improving hydroxyl fields, and more model inter-comparison. Finally, refining and
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improving transport models will lead to more optimal placement of observation sites, which in turn will

improve regional flux estimates and better separate local fluxes from distant transport.

These suggestions are generally sound. However, | would argue with the second point, i.e.
extending the current observing network with high precisions instruments similar to Fluxnet. In my
opinion, the signal to noise ratio of the currently available instruments is too high to identify different
processes or sources using isotopic methods. This is likely the case because the precision of CH,4
concentration measurements of the best instruments is not low enough to measure the subtle CH,
fluxes that occur in some biomes that cover relatively large areas. Kroon et al. (2010) used a flux tower
with high precision, quantum cascade laser to measure CH, emissions from an intensely managed dairy
farm located on peat soil. The flux system’s lower detection limit was determined to be 196.8 uyg m? h,
Pitz et al. (2018) found that in a temperate forest the upland soil’s mean consumption rate was 64.8 +
6.2 ug m?2 h?, (Figure 3-3) indicating that the existing flux tower systems may not be precise enough to
measure CH, fluxes in some widespread biomes. The Amazonian sites measured by Pangala et al. (2017),
however, had much higher emission rates, with the lowest emissions from the five sites totaling 3380 ug
m2 h. These sites were seasonally flooded forests which makes establishing flux towers logistically

challenging but the high flux rates make measurements technically feasible.

Studying sources and fluxes of CH,4 allows us to address climate change on a short time scales
but the response of soil respiration to future climates could cause large changes in carbon pools. At the
same time, methane’s higher global warming potential and relatively short lifetime compared to CO,,
offers an opportunity to redirect current climate trajectories to lower warming scenarios such as RCP6
and RCP4.5. Therefore, understanding the processes that control CO; and CH, concentrations in the

atmosphere should be a major focus for the biogeochemistry community.
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