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Abstract
Climate change models predict precipitation patterns will shift to periods of long
droughts with sparse, high intensity precipitation events in between. It is important to
understand how these changes will affect wetlands, one of the largest sources of
greenhouse gases. This study investigated the potential production of methane and carbon
dioxide from temporary wetland bodies, known as vernal pools, in order to better
understand how wetlands will respond to climate change. Our data suggests that vernal
pools that undergo more cycles of wetting and drying have the potential to produce more
methane and carbon dioxide than pools with stable hydrological conditions. Therefore, a
change in wetland wet-dry cycles could further contribute to the positive feedback loop
of warming temperatures and climate change through the release of more greenhouse
gases. Future research should continue to investigate the crucial role wetland microbes
play in climate change.
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Chapter One: Introduction
Fossil fuel consumption and the anthropogenic input of greenhouse gases into the
atmosphere have led to steadily increasing global ambient air temperatures. With the rise
in global temperatures, it is predicted that the world will experience more extreme
weather events with periods of significant precipitation and longer and more severe
droughts. These conditions pose threats to infrastructure and general well-being (IPCC,
2013). However, anthropogenic sources are not the only contributors of greenhouse gases
to the atmosphere. Many natural sources also produce greenhouse gases. Methane, one of
the most potent greenhouse gases, is commonly emitted from wetlands, fires, termites,
permafrost, agriculture and clathrate hydrates (IPCC, 2013). The natural production of
methane can be closely linked to anthropogenic production through positive feedback
loops. For example, human output of greenhouse gases increases global temperatures. In
turn, these higher temperatures increase the rate of methanogenesis in wetlands because
the bacteria responsible thrive under warmer temperatures (Christensen et al., 2003). An
increased rate of methanogenesis puts more greenhouse gases into the atmosphere,
further increasing global temperatures and the rates of methanogenesis. For this reason, it
is of growing importance to not only curb human production of greenhouse gases, but to
study how natural sources of greenhouse gases, and wetlands in particular, behave under
changing climate conditions.
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1.1: The Production of Methane
Methane (CH4) is produced by bacteria as a byproduct of metabolic/redox
reactions that occur under anoxic conditions. Once it is in the atmosphere, methane is a
20-50 times more powerful greenhouse gas per molecule than carbon dioxide and can
only be broken down by OH radicals (IPCC, 2013). The most common route of methane
production begins with fermentation, during which, bacteria break down organic matter
(carbon) and produce alcohols, fatty acids and H2. From here, syntropic bacteria further
degrade the products into the substrates acetate, bicarbonate, formate, H2 and CO2.
Finally, methanogens utilize the substrates and create CO2 and CH4 (see Equations 1-3)
(Conrad, 1999; Bryant, 1979). A less common pathway of methane formation is through
the reduction of CO2 (Equation 4) (Bryant, 1979).
Equation 1- acetate substrate:

Equation 3- bicarbonate substrate:

4HCOO- + H2O + H+  CH4 + 3HCO3-

HCO3- + 4H2 + H+  CH4 + 3H2O

Equation 2- formate substrate:

Equation 4- reduction of CO2:

CH3COO- + H2O  CH4 + HCO3-

CO2 + 8e-  CH4 +2H2O

Among these equations, acetate splitting is the most thermodynamically favored
mechanism, releasing 28 kJ mol-1, while the reduction of CO2 releases 17.4 kJ mol-1
(Zehnder and Stumm, 1988). These energy yields are much lower than other reduction
reactions. For example, iron and manganese reduction can produce 148.5 kJ mol-1 and
285.3 kJ mol-1, respectively (Szogi et al., 2004). For this reason, when alternative
electron acceptors other than CO2 are present, methanogenesis does not occur until those
other acceptors have been depleted. Figure 1 shows the typical order of reduction
3

reactions in natural systems. Common alternative electron acceptors include oxygen,
nitrate, sulfate, manganese and iron (Szogi et al., 2004), the reduction of all of which
yield higher energy than CO2, and therefore, inhibit methanogenesis (Figure 1). From
Figure 1 we can see that it is not until sulfate reduction is complete that methanogenesis
can take place.

Figure 1. The availability of electron donors over time under anoxic conditions. Methane
is the last stop in the chain (Lorah, et al., 2012).
Other leading factors controlling methane emissions include ground temperature
and substrate availability (Christensen et al., 2003; Gedney et al., 2004). Higher
temperatures and concentrations of acetate are the best predictors of high methane
production rates (See Figures 2 & 3) (Christensen et al., 2003).
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Figures 2 and 3: Figure 2 shows the relationship between soil temperature and methane
emissions, while Figure 3 represents the relationship between organic acid availability
and methane emissions (Christensen et al., 2003).

1.2: Wetlands and Climate Change
Due to the extreme reducing conditions and depletion of more energy efficient
electron accepters needed for methanogenesis, anoxic environments, like wetlands, are
common hotspots for methane production. Wetlands provide ecosystem services
including features that support the human population, such as flood control, nutrient
buffering and stabilization during storms (Mitcsh and Gosselink, 2000). The 2013 IPCC
reported that wetlands are the world’s largest natural methane source, contributing 177284 Tg/year or close to 20% of all emissions (IPCC, 2013). While annual methane
emission rates can vary quite drastically, variations in wetland methane emissions have
been found to account for close to 70% of the total variation seen globally (Shinell et al.,
2004). Given the key role wetlands play in methane production, it is important to
understand how wetlands will change as global temperatures increase.
It is estimated that future increasing temperatures will create a higher probability
of more intense precipitation events such as rain or snow storms interspersed with longer
periods of drought (Brooks, 2009). In turn, these events will affect both the size of
5

wetlands and the duration and intensity of inundation (Huntington, 2006).The fluctuation
of wetland soil inundation may stimulate methane production, as previously dry soils are
submerged leading to anoxic conditions and methanogenesis. Even some of the driest
aerated desert soils have the potential for methanogenesis when placed in anoxic aquatic
environments (Angel et al., 2012). Similarly, wetland soils that undergo extended drying
spells may have the ability to still produce methane when subjected, once again, to the
proper environment (Boon et al., 1997). Future methane emissions should, therefore, be
closely related to extreme weather events and a pattern of water level fluctuation. With
more intense events that are less frequent and consistent, wetlands will experience more
cycles of filling and drying (Brooks, 2009). It is important that we understand how these
cycles will affect rates of methane emission. While changes in methane production have
been examined in large wetlands and tundra systems (Christensen et al., 1996), very little
work has been done investigating how small ephemeral wetlands systems will behave.
1.3: Introduction to Vernal Pools
Vernal pools serve as a useful model for the fluctuating pattern of the drying and
filling of wetlands proposed by future climate models because by definition they typically
fill in the spring and dry in mid-summer, thus having a high potential to be episodically
reducing environments. Vernal pools, are found throughout the world and fall under
many different classifications. Keeley and Zedler, who focus on California landscapes,
define vernal pools as ephemeral “precipitation-filled seasonal wetlands” in
Mediterranean climates that fill during warm months to support vegetation (Keeley and
Zedler, 1998). For the purpose of this study, I will refer to the general definition of

6

northeastern vernal pools coined by Colburn (2004). Under this definition, vernal pools
have the following characteristics:
1. They are surrounded by a woodland environment.
2. They are isolated from other surface waters.
3. They are small in size.
4. They fill seasonally or on occasion yearly.
5. They harbor a unique biological community (Colburn, 2004).
The geomorphic settings needed to form vernal pools can vary, and pools commonly
form on slopes, flats, and in riverine, man-made depressions (Calhoun and deMaynadier,
2008). Vernal pools in New England and parts of Canada are closely associated with the
last glaciation (Colburn, 2004) and most commonly form in depressions created by past
glacial activity (Calhoun and deMaynadier, 2008). In addition, wind deposits of fine
grains (loess) and glacial till deposited throughout the landscape may create an
impermeable substrate beneath the pools (Calhoun and deMaynadier, 2008). This
impermeable layer impedes water from filtering through the grounds and allows for
inundation in small, isolated, perched water table pools. These pools are home to unique
chemical and biological processes.
1.3.1: Biological Characteristics of Vernal Pools
Vernal pools act as unique small scale ecosystems that play host to a variety of
organisms. The isolation of vernal pools from other surface waters creates an ecological
refuge from larger aquatic predators (Colburn, 2004; Zedler, 2003) For example, frogs,
salamanders and other amphibians can use vernal pools as breeding habitats without the
7

threat of large fish preying on their eggs (Colburn, 2004). Invertebrates, such as the small
fairy shrimp, also benefit from the isolation from predators (Zedler, 2003).
This unique surface water isolation has led to the evolution of many endemic
species that can tolerate the high habitat variability of vernal pools. Many invertebrates
have evolved such that their entire life cycle can be completed during the temporary
inundation of the vernal pools. In addition, it was found that they can survive in the pools
during a time of drought (Zedler, 2003). Additionally, due to the low carbon and nutrient
levels of many vernal pools, some plants have developed Crassulacean acid metabolism
(CAM) abilities that are widely found in terrestrial desert species (Keeley and Zedler,
1998). The CAM adaptations allow the plants to store carbon during the night and utilize
it during day time hours as the carbon is depleted from the pools as plants
photosynthesize and use carbon dioxide (Zedler, 2003; Keeley and Zedler, 1998). Some
plants have adapted their germination mechanisms to hold off sprouting under
unfavorable conditions in order to time germination with rainfall (Bliss and Zedler,
1998).
The isolation of vernal pools creates a safe haven from predators, but it can also
be detrimental to the flow of genes in and out of the pool. Adequate gene flow and an
effective population size are integral to maintaining a high level of heterozygosity within
the species. A high degree of variation and population size leads to less inbreeding and
provides each species with protection from disease and other threats to the overall
population. While the genetic variation of some vernal pools is relatively low, some
genetic transport is still possible (Elam, 1996). For example, one can think of vernal
pools as “islands.” Even though these pools are isolated, they are still connected and can
8

exchange genetic information in the same manner as species on closely clustered islands
(Zedler, 2003). The pools are also “connected” by their similar environmental
characteristics. Even given the limitations of isolation, there is a high rate of endemism in
vernal pools that makes vernal pool conservation an important topic. Currently, vernal
pools are not protected under the Freshwater Act (Mitsch and Gosselink, 2000).
1.3.2: Physical and Chemical Characteristics of Vernal Pools
Vernal pools are, on average, 0.1 meters to 1 meter in depth and have increasing
hydroperiods (the amount of time the pools are inundated) with increasing depth (Brooks
and Hayashi, 2002).While large pools tend to show less variation in water depth due to
weather factors, small pools have varying hydroperiods dependent on precipitation and
temperatures (Brooks and Hayashi, 2002). It has been suggested that precipitation and
evapotranspiration could explain 70% of the weekly variation in water volume in a
sampling group of 315 pools (Brooks, 2004). Other pools may be influenced by ground
water flow and the water table fluctuations (Brooks and Hayashi, 2002).
In general, vernal pools go through four stages: the wetting phase, inundation,
saturated terrestrial phase, and drought (Keeley and Zedler, 1998). There is a general
pattern in which pools that are regularly filled by rain water, as opposed to ground water,
are more acidic (Carrino-Kyker and Swanson, 2007). When the pools are full, they have
a unique set of chemical characteristics. Typically, vernal pools are oligotrophic and have
poor buffering capabilities and have chemical properties largely driven by the carbon
dioxide-bicarbonate system. (Keeley and Zedler, 1998). Due to their unbuffered nature,
pools tend to have drastic diurnal changes in pH, oxygen and carbon dioxide as plants
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photosynthesize and use up the CO2. Daily patterns show a decrease in CO2 and oxygen
throughout the day, accompanied an increase in pH (Keeley and Zedler, 1998) (see
Figure 4).

Figure 4: From Keeley and Zedler (1998), this figure shows the 24-hour changes of CO2,
pH, water temperature, and O2 in vernal pools in southern California. In the top graph
the water temperature is represented by circles and the concentration of oxygen is
represented by open triangles. In the bottom portion of the figure, the circles represent
CO2 and the pH is shown by open triangles.
Seasonal changes in vernal pool chemistry also occur. A study of 30 vernal pools
in Northern Ohio found that from April to June the temperatures of the pools increased
while the dissolved oxygen concentrations decreased (Carrino-Kyker and Swanson,
2007). These trends of decreasing dissolved oxygen levels throughout the spring and
evidence of other reduction reactions like denitrification (Angel et at., 2012) make vernal
pools a good candidate for potential methanogenesis.
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1.4 Objectives
The main goal of this study is to determine how methane and carbon dioxide
production differs in vernal pool soils with varying wet-dry characteristics in order to
determine how changing patterns in precipitation and therefore wet-dry cycles may affect
the production of greenhouse gases in the future. To test the impact of variable wet-dry
conditions; two vernal pools located in Norton, Massachusetts were sampled. Soils from
the inner, edge, and outer regions of the pools were collected to stand as proxies for
different wet-dry conditions; inner soils samples that are always submerged by water
during the wet season represent wet conditions, soil samples from outside of the pool’s
boundaries represent dry conditions because they are never covered by the pool’s surface
water, and the edge soil samples represent a zone of fluctuations between wet and dry
because they are only sometimes submerged.
The inner soil samples of both pools should have the highest rates of both
methane and carbon dioxide production because they are submerged for longer periods of
time, providing an anoxic environment for methanogenesis to occur. Theory predicts that
the outer samples from both pools will have the lowest rates because the soils are dry and
rarely have wet conditions for extended periods of time.
To test our hypotheses, we will take a two part approach. Water quality (pH,
temperature, and dissolved oxygen) data, taken over a four week period will be used to
develop an understanding of how each pool changes over time. Additionally, anaerobic
incubation experiments will be used to determine the potential production of methane and
carbon dioxide from each soil type (inner, outer, and edge). This data will be used to
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predict what contribution of methane and carbon dioxide each soil may have as the
effects of climate change become more prominent.
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Chapter Two: Setting
Two vernal pools in Norton, Massachusetts were examined in this study from
October 2014 through April 2015. The general southeastern region of Massachusetts can
be characterized as a low gradient outwash plain with lakes, streams, wetlands (including
vernal pools), and man-made bodies of water within a region covered mainly by
fragmented forest (US Forest Service, 2007). The natural depressions such as small lakes
and wetlands were formed by glacial debris as the last ice-age retreated (Wiken et al.,
2011). The pools vary in size, surrounding vegetation, and soil. Pool 1 is located just off
the edge of a Wheaton College parking lot in the Wheaton Woods and Pool 2 is located
to the southeast of Pool 1, deeper into the woods (see Figure 5).

Figure 5. An image of Pool 1 and Pool 2 from Google Earth.
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2.1: Pool One
Pool 1 is a larger upland pool that is isolated from other water bodies (41 57’48.88”N
and 71 11’03.35” W). This pool is surrounded by forest vegetation including hemlock,
maple, pine, and beech trees among others (Figure 6). Woody shrubs cover a small
percentage of the edges of the pool alongside skunk cabbage, small grasses, and sedges.
The bottom of the pool consists of leaf and pine needle litter, mosses, and algae which
cover the pond’s surface during the growing season. While vernal pools typically dry
during the winter, our sampling period of 2014-2015, showed that due to heavy rain and
snowfall, water remained in the center of Pool 1, covered by snow and ice. The snow and
ice completely melted before the sampling period started. Pool 1 has been a long-term
subject of many vernal pool studies at Wheaton College including seasonal mercury
cycling research (Benoit et al., 2013) and various biological studies by Wheaton College
faculty and students ( e.g. McCafferty et al., 2010).

Figure 6. A picture of Pool 1 during mid-April.
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2.2: Pool Two
Pool 2 is also located in the Wheaton Woods, but is more isolated from human
infrastructure (41 57’40.26”N and 71 10’48.24”W). Pool 2 is smaller than Pool 1 and is
part of a larger wetland complex because it appears to occasionally link to other surround
pools (see Figure 7). A greater percentage of Pool 2 is covered by woody shrubs. Leaves,
pine needles and emergent tall grasses with visible aerenchyma cover the bottom of Pool
2. During April there was no sign of green mosses and algae that cover Pool 1. Forest
trees like hemlock, maple, pine, and beech trees also surround Pool 2 in addition to a
large amount of evergreen trees. Snow covered Pool 2 throughout the winter as well, and
the pool was frozen to the bottom.

Figure 7. A picture of Pool 2 during mid-April.
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Chapter 3: Methods
3.1 Methods Overview and Experimental Timeline
Analytical and sampling procedures followed for the project include soil
collection and characterization (Sections 3.2.1 and 4.1), anaerobic incubations of soils to
determine potential methane and carbon dioxide production, dissolved methane sample
collections, and the collections of field measured water quality data (Section 3.2.2). In
addition, methane gas concentrations were determined by gas chromatograph (Section
3.4). These procedures took place over a seven month period, from October 2014 to April
2015, with the majority of the gas chromatography taking place in April 2015. Figure 8
outlines the timeline for the project described below, and in detail in this chapter. Soil
cores were extracted in October 2014 (not shown on figure) with a one meter, manual soil
auger. In situ soil tests were performed on each new layer to describe its composition in
addition to color and smell. Samples from each layer were bagged and stored for future
analysis and reference. Soil samples for incubation experiments were collected at the
beginning of March. On the day of collection they were dried in an oven for three days
(see Section 3.2.1 for more details) and stored in a freezer until they were incubated.
Long-term incubation experiments for Pool One and Pool Two started on March 18th and
March 24th respectively (Section 3.3.1). These incubations were sampled 4 times over a
four-week timeframe. Short-term methane incubations for Pool One and Pool Two were
run over a four day period beginning on March 4th, and March 19th, respectively (Section
3.3.1). Additionally, carbon dioxide experiments began on March 18th. Each soil sample
was incubated for three days from March 18th till April 19th (Section 3.3.2). Field samples
were collected ten times over the duration of April at two or three day intervals (Section
3.2.2).
16

Figure 8. The timeline for sample collection and incubation start dates between March
and April 2015.

3.2 Field Sample Collection
3.2.1 Soils
Soil samples used for incubation experiments (see Section 3.2) were collected
from both vernal pools. The locations of the soil samples include the inner portion of
pool, the edge, and outside of the boundaries of the pool and should represent inundated,
periodically inundated, and dry conditions (see Figure 9). Approximately, 400 grams of
soil were extracted using a shovel from a depth 10 cm below the organic layer. The
organic layer was ignored and large organic materials including sticks and leaves were
removed from the samples before drying and other experimental uses. Inner-pool samples
taken in winter, from under ice and water, were collected through a hole in the ice with a
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PVC pipe acting as a soil corer. All samples were homogenized by hand in clean plastic
sample bags. The samples were frozen for 2-3 days before being allowed to thaw out and
dry in an oven set at 32o C for 72 hours to remove water. All samples were then stored at
room temperature in a dark environment until they were prepped for incubation.

Figure 9. A schematic depicting the locations of soil samples used for incubations.
3.2.2 Water Samples and Field Measurements
Concentrations of methane in the water column, the pH, the dissolved oxygen
concentration, the temperature, the depth, and the conductivity of the pools were
collected approximately three times a week during our sampling period. Additionally, 24hour dissolved oxygen measurements were obtained from both pools during the last week
of sampling to show diurnal changes in the pools. Temperature, dissolved oxygen, and
conductivity were taken with an YSI Pro ODOTM optical probe. The pH was taken in situ
with a separate pH probe. Samples for dissolved methane concentration determinations
18

were obtained using a headspace method where 30 ml of water were collected in a
syringe along with 30 ml of ambient air. The syringe was then shaken for 1-2 minutes to
saturate the headspace. The 30 ml of saturated air was then injected into an evacuated 30
ml sample vial for later analysis by GC in the laboratory. Additional weather data,
including precipitation and ambient air temperatures, were collected from the
wunderground.com data base, which receives its data from a weather station located on
the campus of Wheaton College approximately 200-400 meters away from both pools.
3.3 Incubation Experiments
3.3.1 Methane Incubation
Incubations to test for potential methanogenesis under anoxic conditions were
performed for two time periods: long-term experiments (four weeks) and short-term
experiments (96 hours). All incubations were run in 200 ml glass Mason™ jars, which
were rinsed with deionized (DI) water and dried before the start of the experiment.
Approximately 25 grams of dried soil was combined with 50 mL of DI water and shaken.
Next, the headspaces were flushed with nitrogen to remove as much ambient air as
possible and induce an anoxic state. The jars were stored at room temperature in a dark
environment for the entirety of the experiment (Figure 10). At each sampling period, the
jars were shaken before 1ml of the headspace was collected for analysis. This volume
was replaced with 1 ml of nitrogen gas to normalize the pressure. The 1 ml samples were
injected into 30 ml evacuated vials for later GC analysis. Dilution factors from the vial
and headspace were accounted for in extracted gas concentration calculations. For both
experiments, triplicate samples at each sample site were incubated.
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Figure 10. A picture of the incubation experiment set up.
3.3.2 Carbon Dioxide Incubation
Short-term, 72 hour, carbon dioxide production experiments were conducted for
all sites for both pools. Approximately 25 grams of soil was added to a 200 ml plastic jar.
50 ml of DI water was then added and the mixture was shaken to homogenize the
contents. The headspace was flushed with nitrogen to remove the ambient air as in our
methane incubations. A Vernier CO2-BTA CO2 Gas Sensor was used to measure the
production of CO2. The sensor records the infrared radiation absorbed by carbon dioxide
and provides a concentration in ppm (Vernier, 2006). The sensor has a range of 0 to 5000
ppm and is calibrated with ambient concentrations of carbon dioxide around 400 ppm.
The sensor was placed in the jar and set to take 30 samples an hour for 72 hours while the
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jar rested in a box at room temperature cut off from the outside light. This process was
repeated for all of the soil samples collected from both pools.
3.4. Gas Chromatography
A Hewlett-Packard 6890 Gas Chromatography (GC) instrument with a
split/splitless injection and Flame Ionization Detector (FID) was used to measure
concentrations of methane. The GC was fitted with a CP-Molsieve 5A packed column
from Agilent technologies (product number: CP7544). The column is 30 meters in length
with a 53 μm outer diameter and a 15 μm inner diameter. Helium was used as the carrier
gas at an optimum inlet pressure of 10 psi- determined using a van Deemter plot (Harris,
2008) (Figure 11). The inlet oven was kept at 30 C with a split ratio of 5.9:1. For a
complete breakdown of the GC settings see Table 1. A standard curve for concentrations
between 2 ppm and 1982 ppm was created from a two percent methane-oxygen-nitrogen
gas mixture from the Mine Safety Appliances Company (lot number 1629280). This
curve was used to calculate all methane concentrations; incubations were diluted between
2 and 20 fold to fit into this curve. The detection limit for our analytical conditions was
0.105 ppm CH4.
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GC Settings
Inlet Temp
Inlet Pressure
Total Flow Rate
Split Ratio
Column Flow Rate
Carrier Gas
Detector
Detector Temperature
Hydrogen Flow
Air Flow

30 C
9.98 PSI
100.9 ml/min
5.9:1
14.1 ml/min
Helium
FID
300 C
30ml/min
400 ml/min

Table 1. The GC parameters for methane analysis.

van Deemter Curve
Plate Height (X 10-4)

2.5
2
1.5
1
0.5
0
0

5

10

15

20

Flow Rate (mL/min)

Figure 11. This experimental van Deemter curve was used to determine the optimal flow
rate for the GC. The minimum value plotted represents the ideal flow rate in mL/min.
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3.5 Organic Matter Content and Gravimetric Water Content
The percent of organic matter present in the soil samples was determined by loss
on ignition following a similar procedure from the Simon Fraser University Soil Science
Lab (Robertson, 2011). Crucibles were placed in an oven and heated at 450°C for one
hour to evaporate water before weighing. Each crucible was weighed and then
approximately 5 grams of each soil type (inner, edge, outer for both pools) was added.
All of the soil samples had been pre-dried and stored in the freezer until heating. The
samples were heated at 500°C for 16 hours to burn off all organic matter and then
reweighed. The percent of organic matter for each soil sample, or the percent lost on
ignition, was found by subtracting the final weight of the sample by its initial weight and
multiplying by 100. The gravimetric water content was found by weighing the samples
before and after putting them in the oven at 30 oC to dry for 72 hours. The gravimetric
water percentages were determined by subtracting the weight of the dry soil from the wet
soil weight and dividing by the dry soil weight and multiplying by 100.
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Chapter Four: Results
4.1: Soils
Soils at the vernal pool sites show variation from middle to outer edge of the pool
(Figure 12). The standard USDA soil texture classification scheme was used to determine
the composition of each soil layer (1987). The top of both soils have a distinct dark and
fine grained O horizon composed largely of decaying litter. In the center of Pool 1, in a
small poorly developed upper A horizon is a layer of “muck” and a fine layer of orange
and red grains only found approximately 15 cm deep. On the edge of the pool this
orange-red layer is thicker and more defined. Below this, lies the B-horizon which is
mainly a dark silty-loam that becomes coarser and has a more distinct marsh smell with
depth. One meter down, the soil becomes a light orange gravely sediment. During
sampling in October, the water table was just below this one meter point. And all though
we did not reach this layer, Pool 1 is most likely held up by an impermeable layer of
glacially deposited till and grains. The soil outside of the pool, in the upland surrounding
areas, is much different than within and directly surrounding the pool. Beneath the
organic layer is a dark brown, sandy loam with very fine grains. Moving down, the soil is
lighter and more orange in color and has the texture of fine sand grains.
In general, the soil beneath Pool 2 is much coarser than beneath Pool 1. At the inner
portion of the pool there is a very thin O-layer. The A-layer has two varying soil types
including a small “muck” layer and pronounced orange-brown loamy sand. During
October, the water table was just below the first layer, close to 10 cm beneath the surface.
Moving down, the soil becomes dark brown sand and a slight marshy smell can be
detected. Around half a meter down, the soil has a prominent marsh smell and consists of
24

very coarse orange-brown sand. The edge of Pool 2 is only slightly different from the
inner portion of the pool because beneath the organic layer there is a thick A-layer of
dark brown clay loam. Below this layer, the edge has the same sandy features as the inner
soil which gets coarser moving down. The soil outside of Pool 2 is similar to the soil on
the outer regions of Pool 1. There is one layer of fine grained brown loamy sand about 15
cm in depth and another layer of very fine light-orange-brown sandy loam.

Figure 12. Soil profiles for the centers, edges, and outer regions of both pools denoted by
Pool 1I, Pool 1E, and Pool 1O and Pool 2I, Pool 2E and Pool 2O for Pool Two. Letters
on the left indicate the soil horizon, while the letters to the right of each column indicate
the soil type.
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The soil samples collected from Pool 1 for the incubation experiments vary slightly
from the inner, edge, and outer locations. At the center of the pool, the soil is dark brown,
smooth, had a mud-like consistency and smells slightly like sulfur. There are small grains
within the uniform texture of the soil. Although this sample was collected from
underneath a layer of ice, the soil was not frozen. An in-field test indicates that this soil is
a silt loam. The edge soil sample is the same dark brown color as the inner soil, but has
specks of light colored sand grains. The soil near the edge is classified as a sandy loam
with medium grains. Finally, the soil outside of the pool is a lighter brown color than the
inner and edge portions. There are specks of lighter sand, similar to the edge, as well as
some roots. However, the grains are smaller than the edge and more uniform and neither
gritty nor smooth, leading the soil to be classified as a loam.
The soil samples collected from Pool 2 for incubation are generally both lighter in
color and grittier than the soil in Pool 1 (Figure 13). The inner soil is a light gray/orange
color that looks shiny under the light. This soil is sandy with many small pebbles and
rocks scattered throughout. At the edge of Pool 2, the soil is a sandy loam with a darker
orange color. It is very coarse, but without as many small pebbles as the inside of the
pool. Both the soil here and on the inside has a distinct and strong sulfur smell. Lastly, on
the outside of the pool the soil is a light orange loam. This soil has finer grains than both
the inside and the edge and does not have a distinct smell.
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Figure 13. Wet soil samples used for experiments. The top row is from Pool 1 and the
bottom row is Pool 2. From left to right the soil samples are from the inner, edge, and
outer parts of each pool.

4.2: Field Data
Pool 1 was deeper and had more consistent water level than Pool 2 over the
course of sampling (Figure 14). Pool 1 had an average water depth of 35.0 +/- 0.6 cm,
while Pool 2 averaged a depth of 29 +/- 4 cm. Heavy precipitation events in December
and January inundated Pool 1 throughout most of the winter and into the sampling period
(see Figure 15).

Water Depth In Pools
Water Depth (cm)
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25
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Figure 14. The water depth of both vernal pools over time.
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Total Precipitation (inches)

Total Precipitation In the Early
Winter
5
4.8
4.6
4.4
4.2
4
3.8
3.6
December

January
Month

Figure 15. The total amount of rainfall experience by both pools in December 2014 and
January 2015. December saw an especially large amount of precipitation.
The pH levels also varied between the two pools (Figure 16). Pool 1 had an average pH
of 4.9 and Pool 2 had an average pH of 5.4. The dissolved oxygen (DO) levels also varied
(Figure 17) with Pool 1 at an average of 80% and Pool 2 at 60%.
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Figure 16 . The average pH values from the surface waters of both pools over the
sampling period.
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Figure 17. The average percent of Dissolved Oxygen in the surface waters of both pools
during the sampling period.
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The temperature records from each pool show some variation as well (Figure 18).
Pool 2 initially had a layer of ice and snow covering most of its surface. During this time,
the water temperatures in Pool 2 were lower than in Pool 1. The frozen layer thawed
shortly after April 10th and the water temperature increased significantly. This thaw event
matches up with an increase in ambient air temperatures. After April 10th, the daily
maximum temperatures range from 60-70 oC (Figure 19). Before this time the highest
recorded temperature was 57 oC, and the mean temperatures were between 37-50 oC. The
water temperatures in Pool 1 also increase after April 10th. Towards the end of April, the
temperatures in Pool 2 were higher than in Pool 1.

Water Temperature Over Time
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Figure 18. Water temperature in both vernal pools over time.
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Daily Maximum Air Temperatures
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Figure 19. The maximum daily air temperatures over the sampling period.

4.3: Organic Matter Content and Gravimetric Water Content
The soils from Pool 1 had a higher percent of organic matter than the soils from
Pool 2 (Figure 20). The inner soil of Pool 1 had the highest organic matter (OM)
percentage at 74.9% OM. The edge and outer soils of Pool 1 had the next highest
percentages. The inner soil of Pool 2 had the lowest percentage of organic matter at 3.5%.
The edge and outer regions were only slightly higher at 6.37 and 6.36 percent,
respectively.
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Organic Matter Content
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Figure 20. Percent of organic matter for each type of soil at each pool.
The inner samples of both pools had the highest gravimetric water (GMW)
content, followed by the edges and the outer regions (see Figure 21). Pool 1 had the
highest GMW percentages for each type of soil. In Pool 2, the edge samples had only a
slightly higher GMW percentage than the outer soil. In Pool 1, the differences in GMW
content for each type of soil were more noticeable.
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Figure 21. The gravimetric water content percentages for each pool.
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4.4 Dissolved Methane
The dissolved methane concentrations in Pool 1 were consistently higher than in
Pool 2 for the first two weeks of sampling from April 1st -April 16th (Figures 22 & 23).
Pool 1 had an average of 67 ppm, while P2 had an average of 27 ppm. A t-test showed
that the averages are significantly different with a p-value of 0.0038. Into the third week
of sampling, P2 showed a large increase in dissolved methane. Over the last week, the
two pool showed no significant difference in dissolved methane concentrations (p = .91).
Pool 2 had a dissolved methane average of 80.6 ppm and P1 had an average of 82 ppm.

Pool One Dissolved Methane
Concetrations
160
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140
120
100
80
60
40
20
0
3/27/15

4/1/15

4/6/15

4/11/15

4/16/15

4/21/15
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Figure 22. The concentration of dissolved methane in Pool 1 over time
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Pool Two Dissolved Methane Concetrations
Methane Concentration (ppm)
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Figure 23. The concentration of dissolved methane in Pool 2 over time.
4.5: Potential Carbon Dioxide Production in the Soils
The inner soil of Pool 2 had the highest rate of CO2 production of all those
incubated with a rate of 38 mmol gram-1 hr-1. Pool 2 Inner’s rate is close to double the
rates of all of the other soil samples. The edge soil samples for both Pool 1 and Pool 2
showed the lowest rates of production. The outer soil samples had just slightly higher
fluxes than the edges. Figure 24 shows these comparisons between the production rates of
each soil type of each pool. It appears that the only flux that is significantly different is
Pool 2 Inner.
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Figure 24. Potential carbon dioxide flux rates from incubated soils.
4.6: Potential Methane Production
The soils of Pool 2 showed much higher rates of potential methane production
than their respective Pool 1 counter parts (Figures 25 & 26). Of the Pool 2 soils, the inner
samples had the highest rates of production- close to 100 times the rates of all of the soils
from Pool 1. Pool 2 edge and outer samples were also well above the rates from Pool 1.
Within the Pool 1 soils, the edge had the highest rates of methane production followed by
the inner and outer soils.
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Figure 25. Potential rates of methane production from Pool 1 soils.
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Figure 26. Potential rates of methane production from Pool 2 soils.
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Chapter Five: Discussion
The results from this study suggest that small isolated water bodies similar to our
sampled vernal pools can differ widely in their potential for greenhouse gas production
despite similar settings and close proximity. Pool 2 has a substantially higher potential
for both carbon dioxide production and methane production. The inner soils from Pool 2
showed the highest rates of both CO2 and CH4 production (Figures 24-26); 2 and 87
times higher, respectively, than the inner soils of Pool 1. While the composition of the
microbial communities in the two pools is potentially different, this result is likely due to
the differences in wetting and drying between the two pools. Cycles of drying and
wetting will impact the microbial community composition and the soils (Fierer, et. al.
2003). Although both pools are not year-round systems, mid-winter rainfall caused Pool
1 to have a consistent layer of water starting in December 2014 through the sampling
period. Pool 2 did not form a water layer until the early spring and shows signs of more
variable redox conditions.
The soil profiles of the two sites give insight to the differing wet-dry conditions.
In the center of Pool 2 there is a distinct layer of oxidized iron precipitate approximately
25 cm thick (Figure 12). This indicates cycling of oxidizing and reducing conditions, and
is often the result of reduced iron species interacting with oxygen and precipitating out of
solution (Megonigal, 1993). Pools that are consistently water-logged will not develop a
red band of oxidized iron because the iron can stay in its reduced form. Soils that are
consistently submerged tend to have a grey-silver hew (Pickering et al., 1984). The center
of Pool 1 also has a layer of orange-red soil, but this layer is much thinner and less
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pronounced than in Pool 2, indicating a more stable wet-dry boundary or a source of
reduced groundwater close to the boundary.
Water levels during the sampling period also point towards differences in wet-dry
characteristics- Pool 2 showed significant changes in water level over the short time
frame, while Pool 1’s water level was fairly consistent (see Figure 14). It is possible since
Pool 2 resides in a flatter depression, the water levels can change more frequently
because it is a less confined region. The difference in wetting-drying cycles may also
explain why the soils from Pool 1 have more organic matter content (Figure 20), but
lower production rates. Soils that undergo frequent wetting-drying cycles may have
increased amounts of labile soil nutrients, which could explain why Pool 2 has a smaller
organic matter percentage, but more potential methane and carbon dioxide production
(Feirer et al., 2003). Wet-dry cycles may also explain why within the Pool 1 soil types,
the soil on the edge had the highest rates of potential methane production. The edges
around Pool 1 may undergo similar cycles of wetting and drying to the inner soil of Pool
2.
It is also possible that Pool 1 soils contain more dominant and thermodynamically
favored electron accepters which inhibited the production of methane during the
incubation period. If other electron acceptors are present in the soils of Pool 1, the
reactions involving those species would happen before methanogenesis (see Figure 1). In
anoxic paddy soils, the presence of O2, NO3-, Mn4+, SO42-, Fe3+ allows nitrate,
manganese, sulfate, and ferric iron reducers to outcompete methanogens for valuable
substrates (Achtnich et al., 1995). Additionally, a study by Capps et al. showed that
vernal pools can be hotspots for denitrification well into July (2014). Depending on the
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availability of nitrate in Pool 1, denitrification processes could inhibit methanogenesis
well before the other reducers. Pool 1 also appears to support green algae and moss which
is consistent with the high levels of dissolved oxygen in Pool One (Figure 17).
Furthermore, anthropogenic sources of sulfate and nitrate have shown to be responsible
for both increased levels of alternative electron acceptors and algae concentrations in
freshwater wetlands (Leon, et al., 1998). It is possible that Pool 1 soils have the
capabilities of producing methane once other electron acceptors are depleted, but our
timeframe for the incubation was too short for the methanogenesis to take place.
Moreover, the difference in vegetation cover between the two pools could also play a role
in nutrient availability. Plants obtain nutrients from the soil by taking up compounds such
as nitrate (NO3-) (Schlesinger and Bernhardt, 2013). The grasses in Pool 2 could be
depleting the soil of available alternative electron acceptors, therefore, allowing
methanogenesis to occur.
Field measurements also show a difference in dissolved methane between the two
pools (Figures 22 and 23). While Pool 2 had lower initial dissolved methane
concentrations than Pool 1, we observed a significant increase in dissolved methane in
Pool 2 concurrent with an observed rise in ambient air temperature, water temperature,
and a decrease in the snow that covered a majority of the pool for the first part of the
sampling period. The increase in methane observed may be only temporary. Episodic
methane release during the thawing season has been observed in similar peat land
environments (Tokida et al., 2007). It is also possible that after the snow melted, the
water temperatures were able to warm up enough to increase the production rate of
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methane and the higher concentrations will be sustained past the sampling time-frame
throughout the warm growing period (Christensen et al., 2003).
These results have important implications for climate change. Climate models
suggest that in the future precipitation events will be more intense, but less frequent with
long dry spells in between (Brooks, 2009). Since most vernal pools are highly dependent
on precipitation, these changes in precipitation patterns could cause many changes in the
hydroperiods (Brooks, 2004). Our results, coupled with future predictions of climate
change, suggest that if vernal pools and other temporary wetlands undergo a higher
frequency of wetting and drying cycles, they will develop characteristics similar to the
inner soil of Pool 2, which could increase the production rate of methane and carbon
dioxide in those systems. An increase in methane production in vernal pools would
further contribute to the positive feedback loop between warming atmospheric
temperatures and greenhouse gas emissions from wetlands.
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Chapter Six: Conclusions and Future Research
In this study we examined dissolved methane from vernal pool waters and the
potential production of methane and carbon dioxide from vernal pool soils. Our data
suggests that vernal pools that experience more variable wet-dry cycles have a higher
potential to produce more methane and carbon dioxide than pools with more consistent
hydroperiods. While our study period was limited, the data indicates that greenhouse gas
production from low-lying wetland environments could become more of a factor if
precipitation patterns follow the predicted climate models. These models suggest there
will be less frequent, but more intense precipitation events and long droughts, leading to a
future where there may be more vernal pools that have the characteristics of Pool 2. This
study has also suggests that the microbial community has a complex and integrated
relationship with climate change. Climate change both directly and indirectly affects soil
microbe activity through changes in temperature, precipitation, plant productivity, and
biodiversity (Bardgett et al., 2008). How microbes both react to climate change and
further contribute to climate change is important to understand and should continue to be
researched.
With the possibility of shifting hydroperiods and more cycles of wetting and
drying in vernal pools, it is especially important to study how the soils and subsequent
microbial communities in the pools change. Should this research continue, future studies
should include investigations into the lability of carbon and other substrates in the soils of
each vernal pool. Seasonal and yearly monitoring of both methane and carbon dioxide
from vernal pools would allow us to separate seasonal effects from long-term difference
in soil communities. Better knowledge of the of electron acceptor availability would also
41

be beneficial to better constrain the redox states of the vernal pools. Measuring hydrogen
sulfide gas concentrations and sampling bubbles from the disturbed soils to test for gas
composition could lead to a better understanding of the redox dynamics. Lastly,
measuring methane flux from the surface and edges of vernal pools will help provide a
better idea of total methane emission from wetlands for use in global climate change
models.
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